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CHEMISTRY AT 1600 


By JoHN CHIPMAN 


Abstract 



















It is the purpose of this lecture to show that the 
chemistry of the steelmaking process is based upon prin- 
ciples which have been the familiar subject matter of gen- 
eral chemistry for many years. Since no chemical reaction 
can go beyond the equilibrium state, this becomes a limit- 
ing factor in the process and hence requires detailed study. 
The guiding principle is the Law of Mass Action by which 
the equilibrium constant of a reaction is expressed in 
terms of the activities of the reacting substances. 
Experimental methods have been developed for in- 
vestigation of the activities of substances dissolved in i 
molten steel and slag. It 1s found that when certain molec- Ka 
ular formulae are arbitrarily assigned to these substances, i 
the activities of the constituents conform to the simple 
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It 1s shown how the equilibrium constant of a reaction eg 
may be obtained from thermodynamic data including free a3 
energy, heat and entropy changes and a table of these mi 
quantities, applicable at steelmaking temperatures, is ap- bee 


pended. 











I. THe MANSION oF METALLURGY 


HIRTEEN years ago when first I was permitted to view the 

interior of that great mansion which we call Metallurgy, I found 
a structure in process of rapid expansion and development. Every- 
where throughout this Mansion of Metallurgy workers were engaged 
in the greatest variety of tasks. Construction jobs of a thousand 
kinds were going on, ranging from the laying of massive foundations 
to the finishing of lovely mural paintings and mosaics in some of the 
smaller rooms. To the neophyte the place seemed full of confusion, 
but my two guides seemed to know nearly everyone in the wing of 
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This is the Seventeenth Edward DeMille Campbell Memorial Lecture, 
presented by John Chipman, professor of metallurgy, Massachusetts Institute of 
Technology, Cambridge, Mass. The lecture was presented October 14, 1942, 
during the Twenty-fourth Annual Convention of the Society, held in Cleveland. 
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the building which we were visiting and it was evident that to them 
the apparent confusion was only a part of the everyday routine. 

Not only was the construction of the Mansion of Metallurgy 
proceeding apace, but in almost every room the occupants had already 
moved in and were deeply engrossed in work of their own. Machin- 
ery of all sorts had been set up and was being used. In one room a 
group of skilled workers prepared small pieces of metal, all alike 
and all of a high degree of perfection. To my surprise another group 
was destroying these pieces as fast as they were made. 

“Who are these men,” I asked, “and why do they break up those 
pieces that have been made with such care?’ “These,” replied Bert 
and Walt, my two guides, “are testing metallurgists ; they are answer- 
ing that mightiest of metallurgical questions, the question ‘whether ?’ 
There are many versions to this question but the commonest is 
whether or not the metal will please the customer.” 

Down a long corridor we went; on the left we could see through 
open doors a large room filled with empty desks. ‘These men,” said 
Walt, “are operating metallurgists.” This seemed queer because there 
was no one in sight, only rows of desks and file cabinets. “What 
men,” I asked, “and where do they operate?’ “Come,” said Walt, 
and he led me across the corridor into a large shop containing all 
manner of presses and furnaces and every conceivable sort of manu- 
facturing device, and sounds as of bedlam turned upside down. Walt 
shouted in my ear, “Here you will find the operating metallurgists. 
The empty desks you saw are but the sanctuary to which they go 
once in a long while to think and to write reports.” Back in the com- 
parative quiet of the corridor he added, “These men also seek the 
answer to a question, the most important of all metallurgical ques- 
tions, the question ‘how?’ And the happiness and prosperity of our 
entiré mansion depend upon their success in finding the answer.” 

Our next stop was a comparatively small room filled so full of 
intricate equipment that I wondered how the few workers could move 
around. A large blackboard on one wall was filled with strange dia- 
grams and stranger symbols and the lone desk was piled high with 
books and littered with papers. A door stood ajar and I could see 
that it led into the shop from which we had just come while another 
seemed to connect to the testing room. I was sure of this when a 
man with a worried look came through it bearing a tray filled with 
the broken pieces I had seen. “These men,” said Bert, “are the 
research metallurgists. They also seek the answer to a question and 
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it is the most fundamental of all metallurgical questions, the question 
‘why?’. And upon their ability to answer this question depends our 
future success in continuing to find answers to the urgent questions 
‘how’ and ‘whether’.” 

Bert was about to take me down into the mines when our atten- 
tion was attracted by shouts of merriment coming from above. 
“Come,” said Bert, “let’s go up and see the fun.” I followed him 
breathlessly to the roof where a group of gray-bearded elders with 
bows and arrows were looking upward and pointing excitedly toward 
something which seemed hidden in a fleecy white cloud. Now and 
then one of them would raise his bow and loose an arrow which dis- 
appeared into the cloud. I turned to Bert for explanation. “These 
are the metallurgists of the old school,” he told me, “and this is one 
of their favorite sports ; watch the cloud closely and you will see what 
they are shooting at.”’ 

To my amazement I saw what appeared to be a pair of feet 
hanging from the cloud. “That’s right,” said Bert, “it is a pair of 
feet, but the rest of him is not yet visible and his head is completely 
in the cloud.” I turned to the elder nearest me and demanded why 
he was thus endangering the owner of the pair of feet. “Look at 
him,” he replied, “head in the clouds, impractical, feet half a mile off 
the ground. You wouldn’t want us to leave him up there would 
you?” Bert explained, “It’s probably another physicist ; there’s been 
a lot of them hovering\around lately and the old timers enjoy taking 
pot shots at them. You would be surprised to know how many of them 
have first set foot on terra firma in the Mansion of Metallurgy.” 

“This is all very interesting, Walt,’ I said finally, “but don’t 
you think it’s about time for me to get to work? Where’s that hot 
spot you have picked for me?” 

“The bath,” said Walt, “of course; come and I will show you 
the bath.” He led the way down a corridor lined with piles of 
brick and bins of alloys and out through a yard filled with great 
heaps of metal scrap. Finally he stopped and pointed. “Yonder,” 
he said, “is the bath; in it things are always happening, queer things 
metallurgists don’t understand. See the man looking into the bath 
through blue glasses? He’s the melter and he knows more about 
what goes on in the bath than anyone else, except the other melter 
on the 4 to 12. You get them to tell you all about it and then you 
can go to work. And,” he added in a confidential tone, “you'll find 
they don’t always agree about what’s happening in the bath.” 
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Walt introduced me to the melter who allowed me to look at 
the bath through his blue glasses. The terrific intensity of the heat 
left me all but speechless. “Hot!” I exclaimed. “No,” said Har- 
old, “that’s not hot! It’s pretty cold yet; come back in a couple of 
hours when the slag is shaped up better, and I'll show you a hot 
bath.” 

As we walked away I asked Bert how hot the bath really was. 
“That’s part of your job to find out,” he replied. “But you will 
probably find when the melter calls it ‘hot,’ it’s above 1600 degrees 
Centigrade. There’s a lot we don’t know about the bath and it is your 
job to find out what goes on in it. Study the chemical reactions of 
the bath and how to control them. Perhaps this will help us to con- 
trol and improve the metal which it produces.” 

At this point Walt excused himself saying he must hurry back 
to the shop where things were not going so well. Bert remembered 
it was time for him to attend an important conference in the front 
office. I returned with them as far as the great entry hall and noted 
that there were several other doors besides that through which I had 
entered. There was, in fact, a very large main entrance which ap- 
parently was being remodeled as though its design had been altered, 
and a great many young men were slowly making their way inward 
between piles of rubble and discarded theories. This door bore 
in large letters the legend “Metallurgy.” Other doors of lesser 
size were marked “Physics,” “Mechanics,” “Mining,” “Mineralogy,” 
“Chemistry,” the last being that through which I had entered. On 
closer inspection I saw that this door was flanked on either side by 
tablets bearing the names of chemists who had entered the Manson of 
Metallurgy. Many of these names seemed most familiar. I noted 
especially a large bronze tablet which bore the inscription: 


“In loving memory of Edward DeMille Campbell, Bachelor of Science in 
Chemistry, University of Michigan, 1886, who entered through this portal 
and whose labor and vision contributed beyond measure to the design and 
construction of this edifice.” 


II. THe Caemistry oF Liguip STEEL 


Remember the thick green-covered book called “General Chem- 
istry” that we studied as freshmen? I often wonder what that 
book would have been like if the author had been accustomed to 
working with liquid steel instead of liquid water. Would it have 
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been a very different book if most of its reactions had been those 
of 1600 degrees rather than 25 degrees Centigrade? And what a lab- 
oratory course would have accompanied it, with vessels of mag- 
nesite or silica instead of glass beakers, sampling spoons for test 
tubes and deoxidation reactions for precipitations. What an en- 
tirely different outlook on the science of chemistry such a course 
would provide. Yet its really fundamental principles would be pre- 
cisely the same as those of any other chemistry course and the only 
essential differences would be in the methods employed in applying 
them to specific problems. 
Back in the days when Professor Campbell was teaching 
chemistry, and many of us were studying it, such a book would 
have been necessarily rather thin. Even today it would still have to 
leave many questions unanswered; but practically all of the basic 
principles of chemistry could be illustrated by examples taken from 
the chemistry of liquid steel. 
In the chemistry of 1600 the most important element is iron 
and the 91 other elements of the periodic table must be considered 
primarily with respect to this master element. Physically there is 
nothing particularly unique about liquid iron; many other metals 
resemble it rather closely. Those metals which are most similar 
to liquid iron mix with it readily to form liquid solutions or alloys 
which differ but slightly from liquid iron. Other metals which are 
less similar to iron mix with greater difficulty or not at all. For 
instance, silver, lead and bismuth are as different from iron as oil 
is different from water and are practically insoluble in liquid iron . 
even at very high temperatures. Certain non-metals are soluble in 
liquid iron; for example, carbon, phosphorus and sulphur, while 
even the common gaseous elements, hydrogen and nitrogen, dis- 
solve also to a limited extent. 
Now the matter of solutions and solubilities is one of great 
importance to the chemistry of 1600. Pure substances are indeed 
rare at this temperature and nearly every important chemical reac- 
tion is a reaction between dissolved substances in a solution or the 
transfer by diffusion from one solution to another. The term 
“solution” means exactly the same thing at 1600 degrees as at 25 
degrees and the carbon or sulphur in liquid steel or the silica or 
iron oxide in liquid slag is just as truly in solution as the salt in sea 
water or the sugar in a well stirred cup of coffee. 
The behavior of a substance in solution depends upon its con- 
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centration and it is always found that the greater its concentration 
the greater will be its tendency to take part in any given chemical 
reaction. This tendency is measured by the activity of the sub- 
stance and it is therefore very necessary to know about the activity 
of a substance in studying its reactions. 

You may recall that the old chemistry textbook contained a 
discussion of equilibrium and the “law of mass action” illustrated 
by solubility products and ionization constants. This same “mass 
law” is useful in the chemistry of liquid steel and it is on account 
of this law that activities are important. I prefer illustrations rather 
than definitions and the following is an illustration of the mass law 
as applied in steelmaking. The reaction of iron oxide in the slag 
with manganese in the metal reaches and remains at equilibrium 
during the greater part of the making of a heat of steel. For this 
reaction the mass law is expressed as follows: 


Reaction: Mn + FeO = MnO + Fe 
a Xa 
MnO Fe 
Mass Law: ———= K 
oe 
Mn FeO 


where ayno is the activity of MnO, etc., and K is a constant having 
a fixed value at any given temperature. 

Suppose that at a certain temperature the value of K is 3.0. If 
now we add a pan of ore to the bath, this increases the activity of 
FeO and a reaction ensues in which manganese is partially removed 
from the bath, lowering its activity, MnO is formed, increasing its 
activity, and this process continues until K returns to its value of 3.0 
(if the temperature is unchanged). 

The mass law is one of the really fundamental laws of nature 
and is perfectly exact and dependable. The catch is in ‘finding out 
what the activity of a substance really is. In making approxima- 
tions and sometimes guesses at the activity of a substance we may 
get into considerable trouble with what appears to be a varying 
and evanescent constant. When this happens we may be sure that 
it is not the mass law itself that is at fault but rather our measure 
of the activity of one or more of the substances involved. 

If we study the activity of one member of a binary solution and 
plot this activity against the mole fraction of that constituent we 
find curves like those shown in Fig. 1. The straight line A repre- 
sents a solution that obeys Raoult’s Law which states that the activ- 
ity of a dissolved substance is proportional to its mole fraction. 
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Solutions which obey Raoult’s Law at all temperatures are called 
“ideal solutions’. 

Now it would simplify matters a great deal if it could be shown 
that at 1600 degrees all solutions follow the pattern of curve A but 
this is not true. In fact, deviations from the ideal even greater than 
those indicated by curves B and C are not unusual. One might 


Activity of X 


Mol Fraction of X 
Fig. 1—Raoult’s Law and Typical Deviations. 


reasonably ask what is the good of Raoult’s Law if so many solu- 
tions disobey it? One answer is that the usefulness of a scientific 
law does not depend upon its exactness; it depends only on whether 
it gets you out of more trouble than it gets you into. Another 
answer is that it is a very useful starting point from which devia- 
tions can be measured. 

Note that near the upper end of Fig. 1 the sesisia curves ap- 
proach the straight line representing Raoult’s Law. At the lower 
end each line also tends to straighten out as it approaches zero but 
does not coincide with the Raoult line. This introduces Henry’s 
Law which states that in dilute solutions the activity of the dissolved 
substance is proportional to its mole fraction. These two laws of 
solutions are almost universally followed at the two ends of the 
concentration range. In the ideal solution they merge because the 
line is straight all the way. A survey of the causes for deviation 
yields information which has direct application in the reactions of 
slag and liquid steel. 
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In his justly celebrated monograph on “Solubility” Professor 
Hildebrand has discussed the requirements that must be met by two 
components if their mutual solution is to be approximately ideal. 
These include (1) freedom from specific chemical attraction or 
polarity, (2) equality of molecular size, and (3) equality of inter- 
molecular attractive forces or of internal pressure. When both com- 
ponents are metals, the first is to be expected, but metals vary quite 
widely in atomic volumes and internal pressures and I should like to 
show you how some of the familiar metals and non-metals compare 
in these properties with liquid iron. The comparison is shown 
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Fig. 2—Atomic Diameters © and Internal Pressures X of Elements at High 
Temperatures, Relative to Liquid Iron = 100. 


graphically in Fig. 2, the circles representing atomic diameters 
(quoted from Hume-Rothery) and the crosses, internal pressures 
at high temperatures recalculated from MHildebrand’s equations. 
Study of this chart reveals that many of the common alloy elements 
resemble iron and can be expected to form nearly ideal solutions in 
liquid iron. Others on the contrary differ in one or both factors. 
Hume-Rothery has pointed out that a difference of more than 14 
or 15 per cent in atomic radius is unfavorable to the formation of 
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solid solutions. Liquids are more tolerant, however, and metals 
differing by as much as 20 per cent in some cases are mutually 
soluble. Some such factor applies also to internal pressure. 

The points lying between 80 and 120 in Fig. 2 represent ele- 
ments whose atomic diameter or internal pressure lie within +20 
per cent of that of iron. In cases where both properties lie within 
this band, the element forms a continuous series of liquid solutions 
in iron. The elements on the right-hand side are insoluble or nearly 
so. On the left are several non-metals and metalloids which show a 
marked difference from iron in one or another property and in some 
cases the divergence is so great that we may well wonder that there 
should be any solubility at all. The internal pressure of sulphur is 
only 11 per cent of that of iron; how then can we explain the un- 
limited solubility? Liquid iron can dissolve oxygen to the extent 
of 2 or 3 tenths of 1 per cent. Yet if we calculate from Hilde- 
brand’s formula for gas solubility, we find that at atmospheric pres- 
sure gaseous oxygen should be practically insoluble in liquid iron. 
The answer comes out so ridiculously small that I shall not repeat it. 
A furnace full of liquid iron could not dissolve enough oxygen to 
measure. In fact, if the entire world were liquid iron, there would 
not be enough of it to dissolve one molecule of O,. The fault is not 
with the solubility equation but with the formula for oxygen which 
in liquid iron solution therefore cannot be O,. Attempts to recalcu- 
late on a basis of atomic oxygen produce even less satisfactory re- 
sults. We conclude that both oxygen and sulphur are soluble in iron 
because they form compounds which are soluble in iron. The same 
argument may be applied to silicon and possibly also to aluminum. 
Now look at carbon—about as unlike iron as an element could be! 
Why is carbon soluble in iron, chromium, cobalt and nickel but prac- 
tically insoluble in liquid copper? These five metals are closely sim- 
ilar in atomic size and internal pressure but only the first four form 
recognizable carbides. If carbon formed no carbide of iron, its solu- 
bility in liquid iron might be expected to be no greater than in liquid 
copper. The contention that these non-metals dissolve in liquid iron 
as compounds receives substantial support from other lines of evi- 
dence, some of which will be considered in the following. 

Consider a solution of X and Y and suppose that they have a 
tendency to form the compound XY which remains in solution. Then 
since a part of the X is tied up as the compound, the activity of X 
will be lowered and the result will be a negative deviation from 
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Raoult’s Law such as that shown in curve B of Fig. 1. Now if car- 
bon dissolves in liquid iron as a carbide, we should expect an entirely 
similar behavior, and experimental measurements confirm this expec- 
tation. This is shown in Fig. 3 where the solid portion of the curve 
represents the recent determinations of Dr. Shadburn Marshall from 
gas-metal equilibria at 1540 degrees, and the topmost point corre- 
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Fig. 3—Activity of Carbon in Liquid Iron. 
Solid Line—Experimental Range; Dotted Line— 
Raoult’s Law; Broken Line—Calculated from 
Equations. 


sponds to saturation with graphite. The broken line is drawn to con- 
nect these two measured parts in accordance with equations which 
will be discussed later. I think this marked negative deviation from 
Raoult’s Law may be accepted as proof that the carbon atoms and 
the iron atoms have a strong mutual attraction for each other. Cal- 
culation based upon the observed deviation shows that on the aver- 
age each carbon atom has tied up between one and three iron atoms ; 
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in other words, carbon dissolves principally as some sort of iron car- 
bide molecules and not as atomic carbon. 

Now let me warn you as one metallurgist to another that our 
friends, the physicists, most heartily disapprove of this idea of a 
molecular solute in a liquid metal. The reasons for their disappro- 
bation appear to be two-fold. One, they are unable to form a satis- 
factory model of such a molecule or to find it in the X-ray diffrac- 
tion pattern ; and two, they have been very much oversold by the or- 
ganic chemists on what a molecule really is. If you have a molecule 
of trinitro toluene and something happens to it, then it is gone for- 
ever, and you cannot reassemble it with each hydrogen atom and each 
nitro group properly attached to the carbon atoms. It was a mole- 
cule only as long as it remained intact. When we speak of molecules 
of iron carbide in liquid steel we certainly need not imply any such 
discrete bonding as occurs in an organic molecule. Nor is it implied 
that the solute molecule bears any relationship to crystalline cemen- 
tite. On the contrary these groups may be thought of as being in a 
continuous state of forming and breaking apart and reforming so that 
the formula which we calculate for the iron carbide represents only a 
transient or temporary molecular grouping. 

In this spirit, Darken has shown that the known properties of 
liquid iron-carbon alloys over a temperature range from) 1150 to 
2500 degrees Centigrade and a concentration range of zero to satura- 
tion can be fully accounted for on the basis that carbon dissolves in 
part as Fe,C and in part as simple C. I am inclined to regard Dr. 
Darken’s calculations only as a first approximation which results in 
too high a concentration of atomic carbon. For the second approxi- 
mation I wish to express my thanks to Ensign Richard B. Small 
whose calculations were based upon the formulae Fe,C and FeC. 
His equations, which are recorded here, lead to the activity values 
which were represented by the broken line of Fig. 3 and also repro- 
duce very accurately the measured solubility of graphite in liquid iron 
up to 2000 degrees Centigrade. The constitution of liquid iron- 
carbon alloys at 1600 degrees, calculated from these equations, is 
shown in Fig. 4. 

[FeC] [Fe]? 


— 2480 
FesC = FeC + 2Fe; Ka = ———————-;; log Ka = ———- + 0.496 
[FesC] T 


[FeC]} —3590 
C (gr) + Fe= FeC; Ki = ; log Ki = ——— + 1.269 
Fe] T 











828 TRANSACTIONS OF THE A. S. M. December 


Let me ask that you refrain from quoting your speaker as “be- 
leving” that liquid steel contains molecules corresponding to the 
formulae given. Nor am I perturbed by expressions of disbelief. 
Beliefs have their proper place in religion and disbeliefs in politics, 
but neither is required in science. It is not necessary to believe a 
formula if we can prove that it leads to a correct result. Nor is the 
question of whether or not the formulae correspond to actual dis- 
crete molecular groupings in the liquid metal really the one of great- 
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Fig. 4—Constitution of Liquid Iron-Carbon Alloys at 1600 Degrees Cent. if 
the Dissolved Carbon is FeC and Fe,C. 


est importance. The useful fact is that with the aid of the formulae 
and the simple solution laws the known properties of liquid iron- 
carbon alloys may be calculated with mathematical precision. 

For other elements which dissolve in liquid iron it has not been 
found possible to follow the activity curve over so wide a range of 
concentration. In the case of oxygen, for instance, this is limited by 
the rather low solubility limit. Up to this limit, however, it has been 
shown by direct measurement that the activity of oxygen is propor- 
tional to its mole fraction or, more simply, to its per cent by weight. 
The same has been proved for sulphur up to 1 per cent. These two 
elements, therefore, conform to Henry’s Law. This conformity is 











1942 CHEMISTRY AT 1600 829 


equally good whether their formulae be written O and S or FeO and 
FeS and the choice may be regarded as a mere matter of convenience. 
That is to say, while these elements in all probability are present in 
the liquid in the form of oxide or sulphide, we do not get into any 
particular difficulty by calling them simply oxygen and sulphur. 

On the other ‘hand, a general practice has arisen of determining 
the oxygen content of the open hearth bath and reporting it as 
“FeO”. This practice has gotten us into more trouble than it has 


Curve I: Observed 


Curve I: Calculated from Low-Carbon 
Results Neglecting Solibility of 
Carbon Monoxide 
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Fig. 5—The Carbon-Oxygen Equilibrium in Liquid Iron at 1540 


Degrees Cent. and 20 Atmospheres Pressure. Curve 1—Observed; 


Curve 2—Calculated from Low Carbon Results Neglecting Solubility 
of Carbon Monoxide. 


kept us out of and I propose that we abandon it. The trouble arises 
from the fact that it ignores the possibility that other oxides also 
may be dissolved in the metal. Justification for this was found in 
Korber’s experimental proof that the solubility of MnO is negligibly 
small compared to that of FeO. More recently, however, Zapffe and 
Sims have suggested that SiO may dissolve and Marshall has ob- 
tained definite evidence of the solubility of carbon monoxide in liquid 
steel. This: evidence is summarized in Fig. 5 where curve I repre- 
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sents the measured carbon-oxygen equilibrium relationship at 1540 
degrees Centigrade and a gas pressure of 300 pounds per square inch, 
while curve II is that calculated on the basis of the older theory that 
all of the oxygen in the metal is FeO. The curves differ by a nearly 
constant percentage of oxygen. These and similar curves at lower 
pressures are satisfied by a solubility of carbon monoxide amounting 
to approximately three thousandths of 1 per cent CO per atmosphere 
pressure of this gas. It is therefore only in the simple iron-oxygen 
alloys that a free choice may be made between expressing the oxygen 
content as “O” or as “FeO.” In liquid steel only part of the total 
oxygen is FeO, part is CO and quite possibly part of it may be in 
the form of other dissolved or suspended oxides. 


Ill. THe Cuemistry or Liguip SLAG 


Next in importance to liquid iron itself in thé chemistry of 1600 
is liquid slag. The chemistry of this slag is in the main the chem- 
istry of a true solution, very complex in nature and of highly vari- 
able chemical and physical properties. The chemical constitution of 
the slag and the laws which govern its reactions with the metal have 
been among the primary objectives of steelmaking research for many 
years. One of the time-honored methods of investigation has been 
the examination, with the aid of the petrographic microscope, of 
solidified specimens of slag. Such examinations have proven espe- 
cially fruitful in detecting the presence of undissolved substances in 
the slag. Moreover, by identification of the crystals formed on 
solidification they establish the approximate composition of the liquid 
slag and it is worthy of comment that during those stages of the heat 
when the slag contains large amounts of an undissolved phase the 
petrographic examination affords a more trustworthy guide than 
does the over-all chemical analysis. 

It is necessary to understand clearly that, beyond the identifica- 
tion of undissolved phases, petrographic methods cannot establish the 
nature of the liquid slag. They do reveal the constitution of the 
solidified slag and it has been customary, in default of more. direct 
information, to assume that the compounds which are identifiable in 
the solid slag were present in solution in the liquid slag. Such an 
assumption, while it has the merit of simplicity and directness, has 
never received complete quantitative corroboration and must be re- 
garded as pure, virginal hypothesis, unsullied by contact with reality. 







































































1942 CHEMISTRY AT 1600 831 


If it could be verified by some form of actual measurement that the 
compounds of the liquid slag are identical with those found in the 
solid, the result would be of very great value in studies of steelmak- 
ing. Petrographic examination, possibly supplemented by chemical 
analysis, would then suffice to determine the mol fraction of each 
constituent of the slag which, by Raoult’s Law, would determine its. 
activity. And it is, of course, the activity of each substance in the 
slag which we need most to know in order to make any kind of sense 
out of slag-metal reactions. 
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Fig. 6—Activity of FeO in Slags. (A) 
According to Raoult’s Law; (B) in FeO-CaO 
Slags; (C) in FeO-CaO-SiO, Slags When 
(CaO)/(SiOz) = 2. 

Now the activities of certain components of the slag have already 
been determined for quite a range of slag compositions and we have 
every reason to expect that others will be established by future re- 
search. Let us examine the evidence that is now available to see 
what can be learned about slag activities and their bearing upon the 
chemistry of liquid steel. 

In studies of the simple slag system CaO-FeO-SiO,, I have 
been most fortunate in having the able co-operation of Dr. Karl L. 
Fetters and Dr. Charles R. Taylor, whose work, carried out quite 
independently in laboratories a thousand miles apart and under very 
different furnace conditions, has agreed in establishing the pattern 
of the activity of iron oxide in slags of this type. 

The principle of their method is quite simple. The activity of 
iron oxide in the slag is proportional to the amount of iron oxide 
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it is capable of transferring to the metal. This is determined by 
bringing slag and metal into equilibrium, sampling each layer and 
analyzing. At 1600 degrees a pure iron oxide slag delivers 1.03 
per cent iron oxide or 0.23 per cent oxygen to the metal. If another 
slag transmits only 0.08 per cent oxygen, then the iron oxide activ- 
ity in this slag is 8/23 or 0.35. Selecting from their results two 
series of slags, one containing only lime and iron oxide and the 
other silicate slags whose lime-silica ratio is approximately 2:1, we 
find the relationships between mol fraction of FeO and its activity 
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Fig. 7—Activity of FeO in Slags Containing 
FeO, CaO and CaFesO,. 





shown in Fig. 6. In this plot each component is considered sepa- 
rately, the FeO being based upon total iron, and no account being 
taken of the tendency of lime and silica to form a compound. 

Here in these two series of slags we find examples of both of 
the types of deviation from Raoult’s Law which were illustrated in 
Fig. 1. The explanation of the negative deviation in the lime-iron 
oxide slags lies in the formation of a compound, calcium ferrite. 
When we recalculate the mol fraction of FeO on the basis that 
the Fe,O, is combined with lime to form the compound CaQO-Fe.QO,, 
the resulting plot agrees almost perfectly with Raoult’s Law as 
shown in Fig. 7. 

The positive deviation in the lime-silica-iron oxide slags deserves 
careful study for it is a very large deviation amounting to a four- 
fold discrepancy at low iron oxide content. The reason for it is 
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Fig. 9—<Activity of FeO in Slags Contain- 
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fairly evident: we have figured the lime and silica independently 
whereas they are in fact combined to form a compound, calcium 
orthosilicate, Ca,SiO,. If we recalculate mol fractions there will 
now be one molecule of silicate where formerly there were three of 
lime and silica; hence the mol fraction of FeO will be larger and the 
curve will be shifted toward the right. The result is shown in Fig. 
8 where each point represents an experimentally determined activity. 
Clearly the agreement with Raoult’s Law is better but not yet perfect. 
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The chemists usually handle such a situation by throwing in a 
correction factor called an “activity coefficient” and letting it go at 
that. It is interesting to note, however, that the deviation disappears 
if we double the formula for dicalcium silicate writing it Ca,Si,O,,. 
The result of calculating the activity of iron oxide on this basis is 
shown in Fig. 9 which exhibits as good agreement with Raoult’s Law 
as we have any right to expect. 
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Fig. 10—Oxidizing Power at 1600 Degrees as a Function of Basicity and Iron Ox- 
ide (Iso-Oxygen Lines). 


The doubling of the formula may be regarded simply as an 
empirical way of accounting for the observed behavior, just another 
kind of correction factor to be used instead of an activity coefficient. 
On the other hand since these are the only measurements we have 
on the actual activity of any substance in silicate solution, they can 
yield information on the structure of liquid slags which is obtainable 
in no other way. Let us see what they show regarding the degree 
of ionization of calcium orthosilicate. The structure is, of course, 
ionic containing (SiO,)™* ions and Ca** ions and the only question is 
how free these ions are to act independently of one another. Return- 
ing to Fig. 8 for the components Ca,SiO,-FeO, would the devia- 
tions of the curve be minimized by taking ionization into account? 
Complete ionization would put three solute particles in the solution 
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in place of one, thus decreasing the mol fraction of FeO and the 
resulting curve would be even further from that prescribed by 
Raoult’s Law. For the case of complete ionization it would be iden- 
tical with that of Fig. 6. Clearly, then, the activity data indicate that 
the extent of ionization is very limited. The orthosilicate is thus 
seen to act not as a highly ionized salt but as a highly polar mole- 
cule, and for substances of this type association into double mole- 
cules is a normal occurrence. 
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Fig. 11—Ternary System CaO(MgO), SiOz, FeO(Fe.O3) Showing Lines of Equal 
Oxidizing Power. 


What is the structure of other types of slag more basic or more 
acidic than those containing dicalcium silicate? Other silicates are 
identifiable in the solidified slag ; let us see if we can find evidence of 
their presence in the liquid. The oxidizing powers of all the slags 
studied by Dr. Fetters and Dr. Taylor as measured by the oxygen 
content of the equilibrium metal at 1600 degrees Centigrade are sum- 
marized by the curves of Fig. 10. Note that for any given per- 
centage of FeO in the slag the oxygen in the metal reaches a max- 
imum when the molar ratio of lime to silica is 2 to 1. Or for a given 
oxygen content in the metal, the iron oxide of the slag is a minimum 
at this same ratio. 

The same data are shown on the ternary diagram of Fig. 11. The 
mol fractions of the three components CaO (including MgO), SiO,, 
and FeO (including Fe,O,) are measured by distances toward, the 
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three corners of the triangle. In both the high-silica and high-lime 
corners lie regions of infusible compositions whose approximate limi- 
tations are shown. The lines are drawn to connect points of equal 
iron oxide activity, that is to say, a given line represents slag compo- 
sitions which exert equally oxidizing effects upon the metal. Note 
the point of inflection on each line at approximately the dicalcium 
silicate composition. On the basic side the data indicate a reduced 
activity of iron oxide, unquestionably associated with the formation 
of calcium ferrite in the liquid slag and showing no evidence what- 
ever of the presence of a tricalcium silicate. On the acid side the 
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Fig. 12—Structure of Silicate 
Ions (After Slater). 


gradual curvature indicates no abrupt changes in the constitution of 
the slag. At a lime-silica ratio of 1:1 corresponding to the metasili- 
cate the data permit a number of alternative interpretations. There 
is no inflection of the curves corresponding to this composition or to 
the intermediate crystalline silicate Ca,Si,O,. 

Along the extreme right-hand margin of Fig. 11 are a number 
of slags containing only iron oxide and silica in varying proportions. 
In all of these slags the activity of iron oxide is just about what 
would be predicted by Raoult’s Law for the simple components FeO 
and SiO,. These data thus afford negative evidence regarding the 
existence of any ferrous silicate in liquid slags or, to put it another 
way, they indicate that if any ferrous silicate exists in the liquid state 
it is almost entirely dissociated. 
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Let us digress for a moment to examine the current ideas on 
silicate structures derived from diffraction studies of silica, crystal- 
line silicates and glasses. As is clearly shown in Professor Slater’s 
“Introduction to Chemical Physics,” the basic unit of structure in all 
of these is the SiO, group in which each silicon atom is surrounded 
by four equidistant oxygen atoms. This is typified by the orthosili- 
cate ion (SiO,)~* shown in Fig. 12. Combination of two such groups 
produces the ion (Si,O,)*. These ions are present in crystals of 
dicalcium silicate and tricalcium disilicate. The metasilicates occur 
as long chains of SiO, groups as shown in Fig. 13, the ratio of cal- 


ig. 13—Section of Metasilicate Chain (After 


F 
Slater). 


cium ions to silicate groups being 1: 1. What happens to such a chain 
when the substance melts is not at all clear. Probably some of the 
bonds break but it is pretty well agreed that the SiO, groupings re- 
main. This being the case no simple molecules of CaSiO, could form 
for the smallest formula capable of containing SiO, groups would be 
Ca,Si,O,. Such molecules, if they exist, are probably subject to 
partial dissociation into simpler groups such as the ions indicated 
above or simply into free lime and free silica as some of the data 
seem to idicate. 

To explain the difference between crystalline and glassy silicates, 
Slater points out that in the latter the order of arrangement of SiO, 
groups is erratic as illustrated in the lower half of Fig. 14. The 
bonds between groups are of varying strength and therefore break 
at different temperatures so that the glass has no sharp melting point. 
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In the crystal the bonds are alike, a large fraction break at the same 
temperature and a sharp melting point occurs. The hypothesis here 
advanced is that in the liquid slag multiple groups may remain and 
that on the average these contain two each of the characteristic SiO, 
groupings. 

This discussion should not be interpreted as an attempt to es- 
tablish a definite molecular formula for silicates. It is rather an at- 





(6) 


Fig. 14—Schematic Representa- 
tion of Crystal and Glass (After 
Slater). 


tempt, to find a method for recording the results of experimental 
measurements. The actual molecular groupings may be considerably 
different from those here postulated which may in fact represent 
simply average formulae for a series of co-existent molecules. 

The usual slags employed in steelmaking are considerably more 
complex than those we have been discussing and it becomes necessary 
to broaden the scope of this study to include such slags. A study of 
the behavior of phosphorus in slags by Mr. T. B. Winkler is now 
approaching completion and, since some of the slags of this series 
contained also manganese oxide and alumina, it is possible to deter- 
mine how these oxides fit into the general scheme that has been found 
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effective for the simpler slags. Reserving the final conclusions for 
Mr. Winkler’s later publication, the following preliminary results on 
the oxidizing power of these slags may be reported. 

Manganese oxide at low concentrations behaves very much like 
lime or magnesia on a molecular basis. Phosphorus is.present in slag nl 
chiefly as a calcium phosphate and the formula Ca,P,O, fits the data ie 
better than other formulae. Alumina acts as an acid and forms com- | 
pounds of the type CaAl,QO,. 
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Fig. 15—Activity of FeO in Slags of All 
Types. 
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The oxidizing power of the slag may be represented by the mol 
fraction of FeO (total) in the liquid slag when the other oxides are 
combined in the following compounds, listed in approximate order 
of stability. 
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4CaO-P:0; Phosphate CasP20. 
4CaO - SiO. Orthosilicate CaSieOs Nie 
2CaO- SizO. Metasilicate CasSizOs ae 
CaO - Al.O; Aluminate CaAl.O. 
CaO - FeO: Ferrite CaFezO. 

These are listed as calcium compounds but it is to be understood 
that similar compounds of manganese and magnesium are also pres- 
ent though probably less stable. The oxidizing powers of a large 
number of experimental slags are shown in comparison with the mole 
fraction of FeO computed on this basis in Fig. 15. The agreement 
with Raoult’s Law is now as good as can be expected from the data. 


Not only does this plot represent slags containing all of the common 
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oxides of operi-hearth slag, but ten of the points represent slags of 
high fluorspar content. It was found that these points agreed best 
with the others when the fluorspar was entirely ignored in the cal- 
culation. This seems to imply that the calcium fluoride has combined 
_with the silicates. 


IV. REACTIONS IN THE STEEL BATH 


Once we have learned the nature and constitution of liquid steel 
and slag, the chemical reactions of steelmaking become as simple as 
the test-tube reactions of the old green-bound elementary chemistry. 
Not more than a third of the 92 known elements are of any interest 
at all in steelmaking but many of these appear in a very different 
form at 1600 degrees. For example, the common gases include sul- 
phur and phosphorus, zinc and cadmium, magnesium and calcium, 
while manganese is a volatile liquid evaporating as rapidly as water 
on a summer day. 

The familiar laws of the conservation of matter and of energy 
are as true at 1600 degrees as at ordinary temperatures but lest you 
might have forgotten these fundamentals of chemistry let me restate 
them for you in the language of 1600 as follows: “What goes into 
the furnace niust come out, unless it stays in.” Applied to energy 
this is the substance of the first law of thermodynamics and I hope 
to be able to show you that the other laws of this useful science are 
equally simple and reasonable. 

Every chemical reaction is accompanied by an energy change 
which may take the form of an absorption or evolution of heat. The 
amount of the energy change is measured in a calorimeter and the 
result is called the heat of the reaction. Chemists have devoted a 
great deal of effort to measuring these heats of reaction and every 
handbook of chemistry has a table of the heats of formation of com- 
pounds from their constituent elements. “This table applies to reac- 
tions occurring at room temperature but it is not difficult, with the 
aid of the first law of thermodynamics, to obtain from it a similar 
table applicable at 1600. 

When a gram atom of silicon combines with oxygen to form 
silica, the amount of heat evolved at 25 degrees is 205,600 calories. 
Suppose this silicon instead of being at 25 degrees Centigrade 
were dissolved in liquid steel at 1600 degrees and the oxygen like- 
wise; what then would be the amount of energy evolved? The 
method of finding the answer is shown in Fig. 16 where tempera- 
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ture is plotted as abscissa and heat units per gram mol as ordinate. 
Point A represents silicon and oxygen at room temperature before 
any reaction occurs, point B is the silica formed by reaction which 
possesses a smaller amount of energy by 205,600 calories. If we 
heat the silicon'and oxygen to higher temperatures before the reac- 
tion occurs, they absorb heat along the line AC. At the tempera- 
ture C, silicon melts absorbing heat CD after which the liquid sili- 
con and gaseous oxygen continue absorbing heat along the line DE. 
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Fig. 16—Heat of Reaction of Silicon with Oxygen at 25 Degrees 
and at 1600 Degrees Centigrade. 


































Similarly, the silica that was formed in the reaction absorbs heat 
along the line BH. The first law of thermodynamics requires that 
the energy change from A to H be the same by the path ABH as 
by the path ACDEH, therefore if the reaction occurs at 1600 de- 
grees the heat evolution is measured by the total drop EH. All of 
these steps have been measured accurately enough and it is no trou- 
ble at all to find that the distance EH corresponds to a heat evolu- 
tion of 214,300 calories. But for the reaction in liquid steel it is 
GH that we want and this requires that we measure EF, the heat 
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evolved when oxygen dissolves in iron, and FG, corresponding to 
the solution of silicon in iron. Both of these quantities have been 
determined only very recently and the methods employed are illus- 
trations of some of the newer techniques which are applicable to 
the study of liquid steel. The method of finding EF is an indirect 
one based on the recent equilibrium studies of Dr. Shadburn Mar- 
shall. Reserving the details, I shall report simply that he finds a 
heat evolution of 66,100 calories per mol of oxygen dissolved in 
liquid iron. 
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Fig. 17—Thermal Effects on Adding Solid Iron or Solid Silicon to a Bath of 
Liquid Iron. 


In the case of silicon the heat of solution, FG, can be found by 


direct calorimetric measurement as Korber and Oelsen showed sev- 


eral years ago; we have recently completed a series of measurements 
using a novel method whose success in our laboratory has been due 
to the care and skill of Mr. Nicholas J. Grant. 

The high frequency induction furnace bears little resemblance 
to the precision calorimeters which are generally used in measuring 
heats of reaction, yet it contains some of the necessary elements of 
a calorimeter such as the control of initial temperature and auto- 
matic stirring of the calorimeter fluid. The development of ‘the 
tungsten-molybdenum thermocouple for measuring the temperature 
of liquid steel completes the necessary equipment. Practically all 
of the refinements of a precision calorimeter are lacking yet this 
simple outfit is capable of measuring the heat of solution of silicon 
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in liquid iron within an accuracy of about +5 per cent. The pro- i 


cedure is equally simple. A bath of liquid iron of known weight i 
is first deoxidized with silicon, then held at constant temperature i a 
for several minutes. A weighed amount of silicon is then added Het 
and the temperature rise is determined. Samples are taken before i 


and after the addition to check the silicon recovery and the extent 
of deoxidation, if any. Fig. 17 shows some typical time-tempera- 
ture curves both for this type of experiment and for the addition 
of iron to the bath which was done to calibrate the apparatus. The 
results of seven measurements, which showed quite good agreement, 
were a heat evolution of 29,300 calories per mol (28 grams) of 
silicon. By subtraction, therefore, the remaining distance GH is 
found to be —119,000 calories. This is the heat of the reaction of 
silicon in liquid steel with oxygen or iron oxide in liquid steel. It 
is very different from the heat of the reaction of solid silicon with 4 
gaseous oxygen which serves to illustrate how far astray we could ra 
go by attempting to apply room-temperature data, uncorrected, to 


chemical reactions in the steel bath. 
* a ok 
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In the old textbook we were taught that some chemical reac- lal 
tions go to completion while others attain a state of equilibrium ng 
in which the effect of the reaction is exactly counterbalanced by Hi 
that of the reverse reaction, the forward and backward rates being i 
exactly equal. In\the chemistry of 1600 the occurrence of a reac- | 
tion that is complete in the sense of using up the last trace of one 
of the reactants is very rare and we must focus our attention upon 
the equilibrium state as the principal limiting factor in any reaction. 

I have shown you how the first law of thermodynamics helps 
us to understand the energy changes in a reaction and to calculate 
the effect of temperature on the heat of a reaction. In the same 
way the second law of thermodynamics is especially useful in calcu- 
lating conditions of equilibrium. This law has been the subject of 
so much misunderstanding among students of engineering, chem- 
istry and metallurgy that I think it would be worthwhile at this 
point to restate it for you in terms that can be understood. If you 
think of a scientific law as something immutably engraved on tab- 
lets of stone, it will be necessary first that you discard this idea 
because the second law can be stated in the greatest variety of ways 
and it requires a lot of study to prove that they mean the same 
thing. The simplest statement I know is: “Heat does not flow up- 
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hill.” A statement which some of my chemical friends appreciate 
is: “Any system left to itself will always go from bad to worse.” 
The statement which is most useful in connection with chemical 
reactions is: “No reaction can occur in a direction away from equi- 
librium.” The significance is that the chemical forces which cause 
the occurrence of reactions are always striving toward an equi- 
librium condition and this condition is reached only when these 
forces have spent themselves. As an example we may use the reac- 
tion whose heat effect we have just calculated, namely, that of sili- 
con and oxygen in liquid iron to form solid SiO,. The second law 
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Fig. 18—<Activity of Silicon in Liquid Iron 
(Calculated). 
tells us that the equilibrium is the same whether it is reached by 
adding silicon to iron containing oxygen or oxygen to iron contain- 
ing silicon or indeed by adding solid silica to iron containing neither. 
The actual composition of the liquid metal at equilibrium is gov- 
erned by the “mass law” which may be regarded as a mathematical 
statement of the second law of thermodynamics. Applied to deoxi- 
dation with silicon the mass law gives us the following equilibrium 
constant for the reaction 
SiO; (solid) = Si (in iron) + 2 O (in iron) 
a Xa’ 
K _— si o 
4 510, 
This brings us around the circuit and back again to the activi- 
ties of dissolved substances, for the activity used here in the mass 
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law equation is identical with that used in Raoult’s Law and Henry’s 
Law. So long as solid silica is present, the activity of SiO, is equal 
to one: It has been pointed out that the activity of the oxygen which 
is present as dissolved iron oxide is equal to its weight per cent. Let 
us see what can’ be said regarding that of dissolved silicon. In view 
of the considerable difference in internal pressure between silicon and 
iron, the two elements cannot be expected to form an ideal solution. 
In fact, if there were no compound formation we should expect only 
a very limited solubility. The evidence furnished by Darken as well i a 
as the thermal data of Korber and Oelsen indicate that this compound ie 
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Reciprocal of Absolute Tempereture x 10* 
Fig. 19—Experimental Data on the Deoxidation of Liquid Steel with Silicon. 





is Fe,Si and assuming that this formula is correct we calculate a 
relationship between activity and per cent shown in Fig. 18. Here at 
it may be seen that weight per cent may be used for activity for sili- ie 
con contents up to 1 per cent without significant error. Then for 
low percentages of silicon in contact with silica (as under acid slags) 
the constant simplifies to 
K’ = [% Si] X [% O}’ 

Numerical values of this constant have been obtained by deter- 
mination of the silicon and oxygen contents of steel melted in silica 
crucibles, but before citing these values I wish to introduce another 
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thermodynamic relationship based upon the second law which shows 
how the equilibrium constant varies with temperature. It is called 
the van’t Hoff equation and its simplest form is: 
A 
log K =— + B. 
og rt 


Since A and B are nearly constant, a plot of the logarithm of K 
against the reciprocal of the absolute temperature should give a nearly 


Oxygen, Per Cent 





6) 
0 Qi Q2 Qs 04 OSs 
Silicon, Per Cent 


Fig. 20—Silicon-Oxygen Equilibrium in Liq- 
uid Steel. 
straight line. The slope of the line, A, is related to the heat of the 
reaction by the formula: 
A = — AH/4.575. 

The application to the data on silicon deoxidation is shown in 
Fig. 19. The points shown are principally those of Kérber and Oelsen 
along with a limited number obtained in the one acid heat reported 
by Fetters. A line drawn with the slope required by the newly meas- 
ured heat of the reaction fits the data better than does the broken 
line drawn originally by Korber and Oelsen. 

What can we do with an equilibrium constant after we have 
found it? In the present case we can calculate the oxygen content 
of an acid bath as a function of its silicon and temperature; we can 
show the limit to which any bath can be deoxidized by silicon alone 
and the effect of temperature. The result is shown in the now 
familiar curves of Fig. 20. 

The control of phosphorus involves one of the most compli- 
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cated reactions of steelmaking and it is fortunate for the industry 
that the practical solution of the problem did not have to wait for 
the theoretical metallurgist to catch up with the procession. It has 
been known for a long time that phosphorus removal depends upon 
the basicity and oxidizing power of the slag and many attempts have 
been made, without much success, to find the equilibrium constant 
of the reaction. Failure was not due to lack of effort or to absence 
of data, as witness the careful work of Maurer and Bischoff which 
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Fig 21—Equilibrium Constant of the Dephos- 
phorization Reaction. 


led to an apparent equilibrium constant at 1600 degrees varying from 
10° to 10°. The difficulty lay in our complete ignorance of both the 
free lime content and the oxidizing power of the slag. These ques- 
tions may now be re-examined in the light of our conclusions on the 
constitution of liquid slag and with the aid of metal oxygen analysis 
to determine its oxidizing power. 

In Mr. Winkler’s current work he writes the equation and its 
equilibrium constant as follows: 

4CaO (in slag) + 2P (in Fe) +50 (in Fe) = 4 CaO: P.Os (in slag) 


Ke = (Ca)*: [P]*- [O}° 
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The free CaO depends upon the excess heat over that required by 
the acid oxides and upon the partial dissociation of the calcium sili- 
cate by the reaction: 

4 CaO-Si.O. = 2 CaO + 2 CaO: Si.0, 
__ (CaO)? (2 CaO Siz0,) 
(4 CaO-Sis0.) 

To solve for both of these constants from a large compilation 
of equilibrium data involves algebraic difficulties which Mr. Winkler 
has surmounted to obtain some interesting results. He finds that the 
dissociation constant is practically independent of temperature, hav- 
ing a value of 0.0024. This is large enough to produce a very con- 
siderable amount of free lime in slags of a 2: 1 lime: silica ratio and 
some free lime even in slags of much lower basicity. The constant 
of the phosphorus equilibrium is extremely sensitive to temperature 
as shown in Fig. 21. Each point represents the composition of slag 
and metal which have been held in contact with each other at con- 
stant temperature more than half an hour and sampled while the 
temperature is measured by an immersion thermocouple. Each point 
represents a complete chemical analysis of slag and metal, for which 
Mr. Winkler and I express our thanks to Mr. Donald L. Guernsey. 
The data represent a great variety of slags, some strongly hasic, 
others on the acid side of orthosilicate and many of them containing 
all the components of open-hearth slags, even including fluorspar. 
It is to be expected that when the influences of some of the minor 
constituents are better understood the deviation will decrease; yet 
it should be noted that the data are fairly concordant since the stand- 
ard deviation corresponds to less than +15 degrees Centigrade in the 
temperature measurement. 

The foregoing illustrations were selected as representative of 
steelmaking reactions that have been rather thoroughly studied. 
Others of equal importance have received less attention or perhaps 
involve greater difficulties of measurement; for example, when steel 
is deoxidized with aluminum, if any substantial amount of alumi- 
num remains, the iron oxide content of the steel is reduced to so low 
an amount that it cannot be determined by any method now avail- 
able. Yet this small amount of oxygen is vitally important in con- 
trolling the grain size and hardenability of the steel. How can we 
find out how much is left? Other reactions require similar answers 
and wherever possible it is highly desirable that an answer be 
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obtained by calculation so as to utilize whatever information is avail- i " 
able. For example, manganese is removed from liquid steel by oxi- 
dation with iron ore. Why can’t we remove copper in the same way? 
Or if not in this way, what other method can we invent for its 
removal? Or again, it is known that copper, nickel, molybdenum, 
tungsten and titanium form fairly stable sulphides. Are any of them | 
capable of tying up the sulphur in steel in the same way that man- 
ganese does? What metals can denitrify steel and to what extent? | 
Answers to such questions can be obtained by calculation and in i 
many cases the answer is sufficiently definite to eliminate the neces- | 
sity for experimentation. Let it be noted well, however, that chem- i i 
istry is an experimental science and the calculations of such answers lh 
cannot be based on thin air. On the contrary, such calculations must if 
be based upon actual measurements of the properties of the substances i 
involved in the reaction and the calculation itself is nothing more 
than the fitting together of known facts in such a way that an answer 
to the question will result. 

I have shown you how the equilibrium constant of a reaction 
varies with the temperature in accord with the van’t Hoff equation 


A 
log K =—+B 
x 





where the term A is the heat of the reaction divided by 4.575. Now Ha 
if both the heat of the reaction and the constant B can be deter- i i 
mined, the result will be the complete equation and we shall then Ne 
have a value of K for any temperature we select, provided AH and F 
B do not change. As a matter of fact, they are not strictly constant lea 
and this is the cause of 90 per cent of our troubles in making accurate . . 
thermodynamic calculations. But by the time we get up to 1600 de- ES 
grees the variations become so small that if we find AH and B 
= at this temperature we can feel safe enough in using the equation | 
over a range of say 1300 to 1900 degrees Centigrade (or 2400 to 
3500 degrees Fahrenheit). Hea 
How then can we find a numerical value of the constant B for : "| 
any given reaction? Perhaps the answer will be perfectly clear when 
[ say that B is related to the entropy in exactly the same way that A 
is related to the heat of the reaction. If AS is the increase in entropy 
in the reaction, then B equals AS /4.575. 3 
A few years ago I would have been afraid to mention entropy 
in a metallurgical gathering for fear that some of the gray-bearded 
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elders who had entered through the side door of mechanical engi- 
neering might take a pot shot to bring me down to earth. You can 
divide engineers into three classes: those who know all about entropy, 
those who use it anyhow, and those happy and carefree souls into 
whose lives it never intrudes. Most metallurgists belong to this 
third group and I shall ask their indulgence while I make a few 
remarks to fellow members of group two. 

It appears that entropy is a property which all substances have 
by virtue of the motions and vibrations and relative positions of their 
constituent molecules. These motions and vibrations become more 
violent the higher the temperature and their energy is the product 
of temperature times entropy, TS. By measuring the energy input 
required to raise the temperature, that is, the heat capacity or specific 
heat, we can find how the entropy increases from one temperature 
to another. We could thus find B in our equation at high tempera- 
tures if we had any one starting place where we knew the entropy. 
And this is where the third law of thermodynamics steps in to show 
us that the absolute zero of temperature is in fact such a starting 
place. 

Learned scientists still argue the best statement of the third 
law, but the one which I prefer is a definition of the absolute zero 
of temperature quoted from an examination paper in freshman chem- 
istry: “The absolute zero is the place where all the molecules lie 
down and cease to wiggle”. This gives a starting point from which, 
when sufficient data are available, we may calculate the entropy of 
every substance at any temperature and by addition and subtraction 
the value of AS of all reactions in which we are interested. 

The compilation of tables of the heats and entropies of the reac- 
tions of steelmaking has made rather fitful progress during the past 
few years. Such tables can never be fully satisfying either from the 
viewpoint of accuracy or of completeness, and those which are 
appended are to be regarded as representing only the present transi- 
tion state of our knowledge of the chemistry of 1600. In them the 
followers of Professor Campbell will be able to find answers to such 
questions as: “Will this reaction occur or will it not?’, “How can 
this desired reaction be brought more nearly to completion?”, “Why 
does this process operate while that one does not?” 

And so we find that there is a modicum of chemistry in that 
part of our Mansion of Metallurgy in which the bath is located. And 
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if I have neglected to state that the object of this chemistry is the 
making of more and better steel it is only because such a statement 
would be superfluous. 
In our Mansion of Metallurgy we find ourselves with a gigantic 
task to perform, The population of our Mansion is all too small 
and the number and variety of tasks to be performed is increasing 
daily. It is clear that the side doors must be kept open to the physi- 
cist, the chemist, the engineer of every sort, to the gunsmith and 
the armorer, the designer and the ballistician. Mayhap through these 
side doors will come others whose contributions to our science and 
our art will compare with those of Edward DeMille Campbell. | 
And those who serve, as did Professor Campbell, at the Hl 
central door through which enter the ever-growing multitude of Aa 
young men who seek direct admittance to the Mansion of Metal- ra 
lurgy, theirs is the obligation that those who enter here be fully It 
equipped to take their places in the Mansion, that they have the 
breadth of vision which the Mansion as a whole has acquired, in 
short that they be capable of entering and leaving at will through 
the side doors also. Thus may the influence of Professor Campbell 
be transmitted to our future metallurgists and may they have the 
intellectual curiosity to ask the questions, why and how and whether, 
and the scientific and technical ability to find the answers. 






V. APPENDIX 


It was shown in the foregoing that the equilibrium constant of a 
reaction may be calculated when the heat of the reaction and the 
entropy change are known. The thermodynamic relationships which 
make this possible involve the “free energy” increase (or decrease) 
which accompanies the reaction. We may regard the heat absorbed 
in the reaction, AH, as the total increase in energy, part of which, 
TAS, is “bound” and therefore not available while the remainder is 
the “free energy”, AF, which represents the chemical driving force 
of the reaction. The relationship between these three quantities is 


AF = AH— TAS 


A reaction in which AF has a negative value is a reaction which 
tends to occur of its own accord and the larger the negative value of 
AF the greater the driving force or “affinity” of the reaction. 

The connection between this and the equilibrium constant is 


AF® = —4.575 T log K 


A SA Ea TOO TI NOE OEE 
7 Sawa ™ o | ora ‘ * 
: # : tees 
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The quantity AF° (called “delta F, standard”) is the value of the 
free energy change when each reactant and each product is in its 
standard or reference state, that is when its activity is one. The 
tables which follow give the free energy, heat and entropy changes of 
reactions in the standard states indicated. The symbols (/) and (s) 
refer to the pure substance in liquid or solid form, the mol fraction 
being unity ; (g) is the gas at a pressure of one atmosphere ; elements 
dissolved in liquid steel are at a concentration of 1 per cent, except 
iron which will normally be the nearly pure liquid metal. 

The units which are to be used consistently in writing the equi- 
librium constants are, therefore, mol fraction in slag, atmosphere 
pressure in gases, and per cent by weight in liquid steel, except for 
the iron itself where mol fraction is used. 

The equations may be combined by addition or subtraction to 
yield other equations, the equations of free energy being treated in 
exactly the same manner as the chemical equation. For example, 
equation 5 is obtained by subtracting equation 2 from equation 1. 

As an example of the calculation of an equilibrium constant, let 
it be required to find that of the reaction, 


Mn (in Fe) + FeO (1) = MnO (1) + Fe (1) 
where 


220 x aoe 


x = 


ae x a520 


First, simplify by using mol fractions of MnO and FeO for their 
activities in the slag and the per cent of manganese in the metal ; also, 
for open-hearth steel containing no great amount of alloy, the activ- 
ity of iron may be taken as unity. This simplification gives, 


oes (MnO) 
(FeO) [% Mn] 


The free energy change is found by adding equations 39 and 40 and 
subtracting from this result equations 22 and 37, which gives 


AF* = — 30,200 + 14.46T 
To convert this to a log K equation divide by —4.575T to obtain 
log K = 6600/T — 3.16 


This may be solved for several temperatures with the following re- 
sults : 
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soe sie 1550 1600 1650 1700 
Se Wee ee ssa an ve ete 0.55 0.46 0.37 0.28 0.19 
We Wake d cakceteeoeruenbt i 2.88 2.35 1.91 1.55 
























These values for the manganese constant agree very well with 
measured values for the very good reason that the equation for the 
free energy of formation of manganous oxide was based upon such 
determinations. Insofar as possible all of the tabulated equations 
have been similarly based upon direct measurements when such data 
were available. 

The sources of data employed in compiling the tables have been 
found principally in the recent metallurgical and chemical literature. 
Especial credit is given to U. S. Bureau of Mines Bulletins 371, 406, 
407, 434 by K. K. Kelley. The writer wishes to thank Mr. Pei 
Yung Huang for his careful recalculation of most of the equations. 
The dependability of the numerical data ranges from the few which | 
are based upon measurements of high precision to some which are CM 
regarded as little better than rough approximations. An appraisal of 
the accuracy of each equation is given in the last column of the table, ‘kl 
where “a” indicates the highest accuracy, “b”, trustworthy accuracy | 
based upon measurement or good indirect data, and “c” and “d” are 
successively less certain approximations. 
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Table of Energy Changes in Chemical Reactions at 1600 Degrees C. (1873 Degrees K.) 
Values in Calories per Mol, Temperatures in Degrees Kelvin 


AF*° = AH —AS:T 





Chemical Reaction 





Accuracy 


















Gas Reactions 





1. Helg) + %4Os(g) = HeOlg)  ......ceceeeese — 60,180 +13.93T a te 
2. CO(g) + %4Os(g) = COn(g) ....... ee eee — 66,560 +20.15T a 4 
3. C(graph) + %4O.(g) = CO(g) ..........055- — 28,100 —20.20T a i 
4. C(graph) + O.(9) = COs(g) ........205--- — 94,640 — 0.05T a : 
5. Helo) + CO2(9) = H.O(g) + CO(g) ....... + 6,380 — 6.22T a i 
6: C(graph) + COs(g) = 2CO(g) ............. + 38,460 —40.35T a ; 
7. Fisted 4~ Be Sale) eRe) nk co ccc eccncss — 21,820 +11.92T a j 
8. WSe(g) + O2(g) = SOs(g) ..........ceeeee — 86,380 +17.30T b i 
9. Y%Sel(g) + %402(g) = SO(g) ..........-5- oe aw 4.387 b 

ts ee ee Ye a ea — 3,600 — 1.44T b 

11. C(graph) + 2He(g) = CH,(g) ............. «sss — 21,960 +26.61T a 

12. 2C(graph) + He(g) = CoHe(g) ............. + 53,200 —12.66T a ; 
43: Se ae I hs incvs vce eons voubwirebes ox + 108,300 —28.80T b 


14, Sige Pe) Bieta) = Bete o.oo i cece cds 37,120 +11.89T b 
15. Or tew Fe) 4 COG) SSR) hve eevee es — 33,500 +18.11T 
16. Cin Fe) + CO.(g) = 2 oy) NA MD © Oke a ep 25,000 Se 





ee 


ocoocros 






*Refers to dissolved O as such or as FeO. 
fRefers to dissolved CO only, not to total C and O. 


(Continued) 
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Table of Energy Changes in Chemical Reactions at 1000 Degrees C. (1873 Degrees K.) 
Values in Calories per Mol, Temperatures in Degrees Kelvin 


Chemical Reaction AF° = AH —AS:T Accuracy 





Elements Dissolved in Iron 
Mn(/) = Mn(in Fe) 
Ni(/) = Nitin Fe) 
Cr(s) = Cr(in Fe) 
Mo(s) = Mo(in Fe) 
Ws) = ; 


BAHASA 


Tits) = Tilin Fe) 
%4Na(g) = N(in Fe) 
Hs(g) = H(in Fe) 
(graphite) — C(in Fe) 
) = O(in Fe) 


++i} bli ttl 


Baas eseseeses BSS 


NNN | NUS OPP wWN- O00 
UwoPMulMWNUHAwede 


ir 


Lay = S(tm Fe) , 
eO@) = Fel) + OCin Fe) + 28,900 


Fe(l) + 40, = FeO(/) — 61,960 
FeO(/) = Fe(/) +. O(in Fe) + 28,900 
— 106,460 
+ 14,300 


oo 
— ou 


ti —- 


Mg(g) 
Ca(g) + %0, = CaO(s) 


2Al(/) + 3 Os = AL,0O3(s) — 399,800 


> & dO bd 
- ONNCYNAN 
CoO wane OK OowuuUM 


+ +44+4++1+1+ 


~I 


2Cr(s) + <0, — CreO3(s) — 278,190 


2V(s) + 5 O, = V:02(s) —277,300 


— 214,300 
— 215,320 
— 234,360 
— 131,180 
—139,150 


Fe()) + %S.(g) = FeS() — 28,000 
Sey = MnS(s) — 65,000 

oo) = MgS(s) — 126,340 

y= Casts —166,940 

— 27,920 

— 76,300 

— 60,960 


— 133,500 
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BALANCING THE COMPOSITION OF CAST 25 PER CENT 
CHROMIUM-12 PER CENT NICKEL TYPE ALLOYS 


By James T. Gow anp Oscar E. HARDER 


Abstract 


Commercial alloys representative of 1937 production 
were studied to establish a base line of properties such as 
strength and ductility “as cast’ and “as aged” when tested 
at room temperature, strength and ductility in short-time 
tension tests at elevated temperatures, and creep behavior 
at elevated temperatures. Properties were correlated with 
microstructures. 

Work was then directed to studying the Siete! 
effects of the essential alloying elements and to balancing 
the composition with reference to austenite- and ferrite- 
promoting elements to produce wholly austenitic alloys. 
The conditions for producing wholly austenitic alloys are 
presented. The effects of some addition agents are pre- 
sented. 

It is shown that austenitic alloys have better retained 
ductility after heating to high and intermediate tempera- 
tures and better strength at elevated temperatures and they 
have much better load-carrying capacity at elevated tem- 
peratures as determined by short-time tension and creep 
tests than partly ferritic alloys. 

In alloys which are not wholly austemtic, ferrite 1s 
the stable phase at 1800 degrees Fahr. (980 degrees Cent.), 
while sigma is the stable phase at 1600 degrees Fahr. 
(870 degrees Cent.) and lower. Ferrite is weak but not 
brittle at 1800 degrees Fahr. (980 degrees Cent.) while 
sigma is both weak and relatively brittle at 1600 degrees 
Fahr. and lower. 

Such elements as chromium, nickel, carbon, nitrogen, 
columbium, molybdenum, manganese, silicon, aluminum, 
zirconium and titanium have been studied as to their func- 
tional effects in this type of alloys and in some cases 
chromium equivalents have been estimated. 


A contribution from the Alloy Casting Institute. Work was started at Battelle Memo- 
rial Institute in 1937 by the Alloy Casting Research Institute, Inc., which was organized 
in 1940 as the Alloy Casting Institute. 


A paper presented before the Twenty-third Annual Convention of the So- 
ciety, held in Philadelphia, October 20 to 24, 1941. The authors are associated 
with the research department, Battelle Memorial Institute, Columbus, Ohio: 
Manuscript received June 20, 1941. bit 
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ECENT statistics show that the major production of heat re- 
sisting alloys is of the 25 per cent chromium-12 per cent nickel 
or the HH type’. Fig. 1 shows the production of cast heat resisting 
alloys for sale for the period of 1934 to 1940 on the basis of the 
average for that period taken as 100 per cent. The values for the 
first quarter of 1941 are also shown and it is now estimated that 
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Fig. 1—Production of Cast Heat Resisting Alloys. 


the production for 1941 will be nearly double that for 1940. This 
figure also shows the percentage production of the different types 
of heat resisting alloys; HW (60 per cent nickel-12 per cent chrom- 
ium), HT (35 per cent nickel-15 per cent chromium), HH (25 per 
cent chromium-12 per cent nickel), and all others. 


Beginning in 1936 the high chromium, low nickel alloy (HH) 
has represented the largest tonnage. 


*Recently the Alloy Casting Institute has adopted designations for corrosion'and heat 
costae alloy. The following designations apply to heat resisting alloys discussed in 
this paper. 

Designations and Compositions Old Nos. 
3-27% Cr, 10-13% Ni CN-36 
HT 13-17% Cr, 34-37% Ni NC-4 
HW 10-14% Cr, 59-62% Ni NC-2 

For convenience the recently adopted designations of Alloy Casting Institute will be 

used throughout this paper to indicate the alloy types. e 
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tions has been reported to have given unsatisfactory service because 
of excessive embrittlement and/or low load carrying capacity. It 
will be brought out in the later discussion that wide variations in 
chemical composition of this alloy, particularly high relative amounts 
of ferrite-promoting elements in comparison with the amounts of the 
austenite-promoting elements, may result in the presence of substan- 
tial amounts of ferrite which has low strength at elevated tempera- 
tures and may become embrittled at intermediate temperatures or on 
repeated heating and cooling in certain temperature ranges. On the 
other hand, the high chromium, low nickel alloy is generally con- 
sidered to have good resistance to oxidation and to sulphidation. 

Efforts reported were directed first to the determination of the 
properties of the HH alloys as produced by industry as of 1937 to 
give a base line for comparisons. The later work has been directed 
to a study of the functional effects of different essential elements ‘and 
more particularly to adjusting the composition of the HH type of 
alloys so as to have improved ductility after being subjected to high 
and intermediate temperatures and to producing alloys of better 
load carrying ability (creep resistance) at elevated temperatures. As 
a result of this work an alloy has been developed which is of com- 
position so balanced that it is wholly austenitic and of improved 
toughness after service at intermediate and elevated temperatures and 
of higher load-carrying capacity at elevated temperatures. 

To make the alloys wholly austenitic, a balance must be main- 
tained between the ferrite-promoting elements such as chromium 
and the austenite-promoting elements such as carbon and nickel and 
to obtain the best toughness consistent with a given strength it is 
desirable to use nitrogen as well as carbon as strengthening elements. 
These relations will be brought out more in detail later in the paper. 

All test specimens were taken from cast blocks of the type de- 
scribed by Harder? and shown in Fig. 2. Although it was early rec- 
ognized that specimens taken from such castings might not give the 
maximum properties which could be produced by using other types of 
cast specimens, it was thought that such castings might be fairly rep- 
resentative of those produced by industry. It was known that the 
casting was economical to make as compared with others which have 





20. E. Harder, “The Alloy Casting Research Institute Test Block for Heat Resisting 
Alloys; Its History, Selection and Utilization,” Proceedings, American Society for Testing 
Materials, Vol. 39, Technical Papers, 1939, p. 626-636. 


The high-chromium, low nickel alloy (HH) in a few installa- 
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been used, and it was found in the course of the work that the use of 
this pattern made it possible to produce well-fed castings, to duplicate 
results, and to get consistent data with reference to the effect of vari- 
ables in composition upon the resulting mechanical properties and 
microstructures. However, because of some variation in the me- 
chanical properties of outside (A and D) and inside (B and C) speci- 
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Fig. 2—Cast Block Used for Specimens of Heat Resisting 
Alloys. 


mens it has been necessary to use at least one outside and one inside 
specimen, or preferably two of each, to get average values. A single 
coupon casting has advantages for inspection and still other types of 
castings are favored by different producers. 

Properties of Commercial Alloys of the HH Type—In order to 
establish a base line of the properties of cast commercial alloys, with 
about 25 per cent chromium-12 per -cent nickel (HH) type as of 
1937, seven of the co-operating companies produced alloys of this 
type. Table I gives the selected composition range and the composi- 
tion of the alloys studied. 

In Table I alloy AG is decidedly out of the range for carbon. 





CHROMIUM-NICKEL ALLOYS 


Table I 
Chemical Compositions of Commercial Cast HH Type Alloys 


Carbon Nitrogen Chromium Nickel Silicon 


Range: 0.37-— 4 24.- , 0.75- 
0.43% eesti 26.% , 1.25% 


Alloys Carbon Nitrogen Chromium i Silicon 


— 


0.65 


*Not specified. 


While no range was given for the nitrogen content, it was found 
that the nitrogen varied from under 0.04 to nearly 0.17 per cent. 
This table does not give the sulphur and phosphorus values but it 
may be assumed that they are not over 0.05 per cent. Only a limited 
amount of work was done on alloy AG because of its high carbon 
content. 

The alloys listed in Table I were studied with reference to their 
properties “‘as cast”, as cast and aged 48 hours at 1600 degrees Fahr., 
and for the properties at elevated temperatures they were then sub- 
jected to short-time tension tests. Certain of the alloys were also 
subjected to creep test. Table II] summarizes the properties of alloys 
AA to AF, inclusive. The data for the individual alloys show the 
variations in their properties from the averages. 

Alloys AD and AE were used in creep tests, the data from which 
will be presented later in the discussion of creep and to make com- 
parisons of the creep characteristics of the commercial alloys of 1937 
with some more recently developed alloys. 

Researches Directed to the Improvement of the HH Type Alloy 
—The objectives of this work were: (a) to find ways and means of 
producing alloys of higher ductility or higher retained ductility after 
being subjected to service at intermediate temperatures such as 1400 
to 1600 degrees Fahr. (760 to 870 degrees Cent.) and then tested 
at room temperature, (b) to increase the strength at elevated tem- 
peratures and more particularly the creep resistance, and (c) to find 
out the effect of variations in chemical composition on the above- 
mentioned properties. 

The work which has been done may conveniently be divided into 
three sections—(a) relation of chemical composition to room tem- 
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properties including both short-time tension tests and resistance to 


creep; and (c) study of special alloying elements, and their effect 
on the mechanical properties and microstructures. 


RELATION, OF CHEMICAL COMPOSITION TO PROPERTIES 
oF HH Type ALLoys 


For this study, 15 alloys of the HH type were used. In addi- 
tion to the seven alloys listed in Table I, eight new alloys were in- 


cluded in the investigation. The compositions of these alloys are. 


given in Table III. This study was somewhat of a preliminary nature 
and was supplemented by later work. 


Table Ill 


Chemical Composition of Alloys Used in Studies of Relation of Composition 
to Mechanical Properties 


Alloy 
= —— —Chemical Analyses—Per Cent————____—__—___,, 
Carbon Nitrogen Chromium Nickel Silicon Manganese 
0.40 0.037 24.74 11.20 1.03 0.90 
23.69 
24.62 


0.6 
0.0 
0.1 
0.2 
0.3 
0.3 
0.3 
0.3 
0.3 


ewe CONN 


Alloys AJ and AK are of lower carbon content than the regular 
analysis for this type of alloy but were included to study the effect of 
carbon. Nitrogen was also determined and ranged from about 0.03 
per cent to over 0.16 per cent. 


Influence of Carbon Content on the Mechamcal Properties 
and Microstructures of HH Type Alloys 


Since the mechanical properties of this type of alloys largely 
determine their suitability for engineering applications, it was im- 
portant to determine the effect of carbon as an independent variable 
on the mechanical properties of these alloys and to study the effect 
of carbon on the microstructures as a means of correlating mechanical 
properties with microstructures. Alloys were studied principally in 


VOY IT EL TRIN IS AT 
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two conditions (a) as cast, and (b) after aging at intermediate 
temperatures, and the most extensively used aging treatment was 
heating for 48 hours at 1600 degrees Fahr. (870 degrees Cent.) 
which is a temperature at which alloys of this type were known to 
show loss in ductility and sometimes so much loss in ductility that 
they would be considered seriously embrittled. 

The alloys selected for the preliminary study of the effect of 
carbon are shown in Table IV and their chemical compositions are 
given in Table III. The carbon contents in these alloys range from 
0.07 to 0.65 per cent and three of the alloys, AL, AS2, and AE, are 
of intermediate carbon contents. The nitrogen contents of these 
alloys are fairly constant and average 0.07 per cent. The chromium, 
nickel, manganese and silicon contents are fairly uniform. The 
alloys were tested for strength and hardness “as cast” and “as aged” 
and the results are shown in Table IV. Some of the alloys were also 
tested in the “as quenched” condition and after quenching and aging. 
The tension tests at room temperature were made with a 72,000- 
pound Amsler Universal hydraulic testing machine using the 18,000- 
pound range in conjunction with a Goodyear Zeppelin extensometer 
read directly to 0.0001 inch and could be estimated to 0.00001 inch. 
The rate of extension was less than 0.01 inch per inch gage length 
per minute up to the yield strength and 0.03 inch per minute head 
travel thereafter. The testing methods at elevated temperatures con- 
formed to the recommendations of the A.S.T.M.-A.S.M.E. Joint 
Research Committee. The modulus values are probably accurate 
to two significant figures. 

Probably the most surprising data are the ductility values of 
alloy AJ with a carbon content of only 0.07 where the elongation 
was 1.5 per cent as cast and 1.0 per cent as aged with, the corre- 
sponding reduction of area values being 1.9 and 1.1 per cent. As 
will be pointed out later, this alloy is of such composition that it is 
strongly ferritic and with this chromium content forms an excessive 
amount of the brittle sigma phase, even in the as cast specimen. 
This will be referred to again in the discussion of the microstruc- 
tures. Contrary to what might be expected also, alloy AK, with a 
carbon content of only 0.17 per cent showed relatively low ductility 
in the aged condition. Again, excessive embrittlement on aging is 
indicated. Both alloys AJ and AK contain excess of ferrite and are 
strongly magnetic when quenched in water from 2050 degrees Fahr. 
(1120 degrees Cent.). In this condition their ductility is quite high 
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but upon being aged the ductilities then drop to very low values, as 
shown in Table IV. 

Of the six alloys studied with reference to the effect of carbon, 
alloy AL (0.28 per cent carbon) had the best retained ductility 
after aging and had moderately good ductility as cast. 

Alloy AS2, with a slightly higher carbon content, was second 
in respect to ductility as cast and retained ductility after aging. 

Alloy AE, with 0.44 per cent carbon, showed lower ductilities 
both in the as cast and aged condition and suggested immediately 
that increasing the carbon to 0.44 per cent decreases the ductility 
of the alloy although it is wholly austenitic. 

Alloy AG, with a much higher carbon content than is used in 
commercial practice, showed decidedly lower ductility both in the 
as cast and aged conditions. This, in connection with the data on 
AE, suggested that there is an upper ceiling for the carbon content of 
this type of alloy when ductility is an important characteristic. 

Consideration of the tensile strength, both as cast and as aged, 
indicated that alloys within the range of about 0.28-0.33 per cent 
carbon have, in general, as good strength as any of the alloys with 
the possible exception of the high carbon alloy AG which is 
excessively low in ductility. 

Consideration of these rather limited data suggested that 
optimum carbon content for alloys of this type, with a good com- 
bination of strength and ductility, is in about the range of 0.28-0.33 
per cent. As a result, much of the later research work was directed to 
alloys of about this carbon content. Further information on the effect 
of carbon content will be brought out in later discussion. 


Effect of Chemical Composition on Microstructures* 


Figs. 3, 4 and 5 represent the microstructures of the low-carbon 
alloy (AJ) as quenched, as cast, and as aged. In Fig. 3 the struc- 
ture consists of ferrite and austenite with the austenite substantially 
surrounded by stringers of ferrite. In Fig. 4 the light area is 
principally austenite and the stringers represent ferrite which is more 
or less decomposed to the brittle sigma phase even in the as cast 
alloy and which is responsible for the low ductility of this alloy as 





8The etching reagent used for all of the photomicrographs in this paper consisted of 
80 per cent concentrated hydrochloric acid and 20 per cent concentrated nitric acid by 
volume, freshly mixed. 
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Fig. 3—Alloy AJ. ‘“‘As-Cast” Material Heated to 2050 Degrees Fahr., Followed 
by Water Quench. Austenite and Ferrite. xX 500. 


Fig. 4—Alloy AJ. ‘“‘As-Cast’’ Condition, Austenite Matrix, Ferrite and Sigma 
Phase Outlining Dendrites. x 500. 


Fig. pene AJ. “As-Cast” Material Heated to 2050 Degrees Fahr., Water- 
e 


uenched, Followed by Aging 48 Hours at 1600 Degrees Fahr. Austenite and Sigma 
hase. X 500. 





ee ALS 





Fig. 6—Alloy AL. “As-Cast’’ Material Heated to 2050 Degrees Fahr., Water- 
uenched, Followed by Aging 48 Hours at 1600 Degrees Fahr. Austenite Matrix, 
utectic Carbides, and Precipitated Carbides. x 500. 


_ Fig. 7—Alloy AG. ‘‘As-Cast” Material. Note Carbide Stringers at Grain Bound- 
aries. X< 500. 


cast. Fig. 5 represents the same specimen after aging 48 hours at 
1600 degrees Fahr. (870 degrees Cent.) and shows the formation of 
the sigma phase or brittle constituent from the areas which were 
originally ferrite. These three figures illustrate, first, that alloys of 
about 25 per cent chromium-12 per cent nickel with such low carbon 
contents contain substantial amounts of ferrite and that ferrite in 
these alloys even on cooling in the mold transforms in large measure 
to the brittle sigma phase and, second, this phase (sigma) is more 
extensively developed when the alloys are aged at intermediate tem- 
peratures such as 1200-1600 degrees Fahr. (650-870 degrees Cent.). 

A somewhat similar relation. was found in alloy AK although 
the amount of ferrite present was less, as might be expected, because 
of a somewhat higher carbon content. 

Alloys AL and AS2 showed wholly austenitic structures, as 
cast and as heated to 2050 degrees Fahr. (1120 degrees Cent.) and 
water-quenched, the structure consisting of austenite and carbides. 
These alloys do not contain ferrite and therefore do not develop 
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brittle constituents on aging. The structure of alloy AL which had 
been heated to 2050 degrees Fahr. (1120 degrees Cent.), water- 
quenched and then aged 48 hours at 1600 degrees Fahr. (870 de- 
grees Cent.) is shown in Fig. 6. It can be seen that there is some 
precipitation of carbides in the austenite grains and it is indicated 
that this precipitation of carbides causes some strengthening and 
hardening of the alloy on aging, with some reduction in ductility, 
but the amount of reduction of ductility is much less than in the case 
of the alloys (AJ and AK) which form the brittle constituent. 

The microstructure of alloy AG of the high carbon content 
(0.65 per cent) is of interest and is shown in the as cast condition 
in Fig. 7. While this alloy is entirely austenitic it will be noted that 
stringers of carbide surround the austenite grains and this structure 
is considered responsible for the low ductility of the alloy as cast. 
On aging, the carbides are precipitated within the austenite grains 
and this further reduces the ductility of the alloy resulting in the 
low ductility values reported in Table IV and discussed above: 

Alloy AE is wholly austenitic but showed some excess of car- 
bides and some concentration of the carbides in the boundaries of 
the austenite grains. This structure was responsible for the lower 
ductility of alloy AE than for such alloys as AL and AS2. 


Comparison of the Mechanical Properties of Alloys of About 0.31 
Per Cent Carbon with Others of About 0.41 Per Cent 
Carbon at Three Nitrogen Levels 


In order to get more detailed information regarding the effect 
of carbon content on the mechanical properties of alloys of the type 
under consideration six of the alloys listed in Table III were ex- 
amined. These alloys are shown in Table V with their carbon 
and nitrogen contents. 

The alloys in Table V are in three groups with reference to 
nitrogen contents, but there are pairs of the two carbon levels for 
each nitrogen level. The results of the tension and hardness tests 
on cast and on aged specimens are given in Table V. From these 
data, Table VI has been compiled to show the effect, in per cent, 
of this variation in carbon content calculated to 0.01 per cent carbon. 
The generalization can be made that increasing the carbon in the 
range of 0.31 to 0.41 per cent decreases the ultimate strength, 
elongation and reduction of area of both as cast and aged specimens 
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with the reduction in ductility being more significant. Increasing the 
carbon within the range of 0.31 to 0.41 per cent improves the pro- 
portional limit and the yield strength values of both the as cast 
and the aged specimens. However, these data were limited to tests 
at room temperature and there also remained the task of separating 
the effects of carbon and nitrogen, although by only a casual ex- 
amination of the data in Table V it is indicated that nitrogen is 
a strengthening element. 


Influence of Nitrogen Content on the Mechanical Properties 
of HH Type Alloys 


In order to evaluate the influence of nitrogen content on the 
mechanical properties of these alloys, two series from those listed in 
Table III were examined. The alloys selected and their carbon and 
nitrogen contents are shown in Table VII. In Group A the carbon 
was about 0.41 per cent with the nitrogen ranging from 0.039 to 
0.167 per cent, while in Group-B the carbon was about 0.31 per 
cent with the nitrogen ranging from 0.032 to 0.15 per cent. All other 
elements in both groups were reasonably uniform and within the 
usual limits for this type of alloy. 

As in the studies on the influence of carbon, specimens of these 
alloys were tested at room temperature in two conditions, as cast and 
as aged. The resulting data are also shown in Table VII. From 
these data the values shown in Table VIII for the influence of nitro- 
gen (per cent change for 0.01 per cent nitrogen) on the various 
properties were derived. 

It will be noted that nitrogen increased the strength prop- 
erties of both the as cast and the aged specimens and at both carbon 
levels. This was not true for carbon. What is more significant, 
nitrogen did not reduce either the elongation or the reduction of 
area of “as cast” specimens in either carbon level. Nitrogen did 
reduce the ductility of “aged” specimens but by a lower percentage 
than did carbon. These findings seemed highly significant and sug- 
gested determining the combined effect of carbon and nitrogen on 
the mechanical properties in this type of alloys. The work on the 
combined effects of carbon and nitrogen was directed to their rela- 
tion to the retained ductility at room temperature after aging and 
to the yield strength after aging. 
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CHROMIUM-NICKEL ALLOYS 


Table VIII 


Approximations of the Average Per Cent Change in Properties Per 0.01 Per Cent Nitro- 
gen Increase Within the Range of 0.03 Per Cent to 0.17 Per Cent Nitrogen 


As Cast As Cast 
Tensile Strength, psi. ' +1.3% 
Yield Str. (0.1% Def.), psi. +2.3% 
Yield Str. (0.2% Def.), psi. +2.1% 
Elongation, %/2” 0.0% 
Reduction of Area, % 0.0% 


0.31% Carbon Alloys 0.41% Carbon Alloys . 
A 


Relation of Carbon and Nitrogen to Ductility 
of Aged HH Type Alloys 


For some time it has been customary in industry and in re- 
search laboratories to determine the ductility of this type of alloys 
after aging at some intermediate temperature such as 1600 or 1400 
degrees Fahr. (870 or 760 degrees Cent.), a temperature range which 
is known to reduce the ductility and in some cases to cause serious 
embrittlement. In the tests used in this particular phase of the study 
as cast specimens were aged by heating them 48 hours at 1600 de- 
grees Fahr. (870 degrees Cent.) after which they were tested in 
tension at room temperature. 

Of the alloys which had been studied, ten were of wholly aus- 
tenitic structure so that the principal variables were carbon and 
nitrogen contents and some slight variations in the microstructures 
as a function of the carbon contents. Table IX shows the numbers 
of these alloys, their carbon and nitrogen contents, the values for 
C + N/2 and C + 2N with the arrangement such that the value of 
C + N/2 increases from the top to the bottom of the table. The 
chemical compositions of these alloys are given in Table ITI. 

The data in Tables VI and VIII showed that 0.01 per cent nitro- 





Table IX 


Austenitic Alloys Used to Study the Combined Effects of Carbon and Nitrogen on 
Elongation and Yield Strength After Aging 


Alloy 
No. 


Nitrogen C+ N/2 C+ 2N 
0.312 0.406 
0.346 0.394 
0.368 0.542 
0.375 0.600 
0.384 0.514 
0.419 0.474 
0.440 0.498 
0.463 0.532 
0.470 0.648 
0.474 0.724 
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gen had reduced the elongation of aged alloys about one-half as much 
as an equal amount of carbon. Since both elements reduce ductility, 
it was only natural to try to combine them as a function and it was 
found that good relations were obtained when the ductility (per 
cent elongation) was plotted as a function of the carbon plus one- 
half the nitrogen (C + N/2) and such a graph is shown in Fig. 8 
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rie. 8—Relation of Elongation to Carbon and Nitrogen Contents of 
Aged HH Type Alloys. Specimens Aged 48 Hours at 1600 Degrees Fahr. 





for the ten alloys which had been studied at that time. The elonga- 
tion values are averages of duplicate tests and the uniformity with 
which the points fall on a straight line is obvious. This relation ap- 
pears to be a definite advance in the study of the functional effects 
of carbon and nitrogen on the ductility of aged alloys of the HH type 
when they are wholly austenitic. It has been found to hold quite well 
for numerous alloys which have since been studied. Attention was 
then directed to other possible relations and the yield strength of 
aged alloys was next studied. 


Relation of Carbon and Nitrogen to Yield Strength 
of Aged HH Type Alloys 


The same alloys (Table IX) were used to correlate the relation 
of carbon and nitrogen contents to yield strength as had been used 
in the relations to elongation. The data in Table VI and VIII indi- 
cated the relative potencies of carbon and nitrogen in increasing the 
yield strength of these alloys. Using the indicated relations from the 
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data in Tables VI and VIII, it was found that a consistent relation 
was obtained when the yield strength was plotted as a function of 
the carbon plus two times the nitrogen (C + 2N) and such a graph 
is shown in Fig. 9. Values for yield strength as determined by the 
A.S.T.M. offset method are shown for 0.1 and 0.2 per cent offset ; the 
consistency with which the points fall near or on the line is evident. 
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Fig. 9—Relation of ‘Yield Strength to Carbon and Nitrogen Contents of 
Aged HH Type Alloys. ‘Specimens Aged 48 Hours at 1600 Degrees Fahr. 


‘With data available for the relation of carbon and nitrogen con- 
tents to ductility (elongation) and strength (yield) these relations 
were combined into a nomographic chart shown in Fig. 10. This 
shows nitrogen values of 0.03 to 0.17 per cent and carbon values 
from 0.25 to 0.45 per cent which are considered to cover the most 
practical ranges. It is difficult to produce alloys of this type with 
nitrogen below 0.03 per cent and experience has indicated that with 
the type of casting used in these studies some unsoundness or porosi- 
ty is likely to be encountered with higher nitrogen contents, such as 
0.20 per cent.* As to carbon, it has been shown that high carbon 


‘Harder, A. oS Pa a 1939, Bi oe ‘a little porosity or sponginess” in material 
AC w was not obse in material AE. Alloy AC contained 0.167 per cent nitrogen 
while AE had only 0.046 per cent ae He also reported a greater difference between 
the strength and ductility of inside and outside bars of material AC (high nitrogen) than 
for similar bars of material AE (low nitrogen). It has been the general experience that 
alloys of higher nitrogen content show greater differences in the properties of inside and 
outside specimens and this is thought to be due to a tendency toward unsoundness in the 
alloys of high nitrogen content. 
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causes low ductility and low carbon with a fixed chromium to nickel 
ratio is likely to result in an alloy which is partly ferritic and not 
wholly austenitic as is required for the application of this chart. 
Considering Fig. 10, lines A, B, C and D have been drawn in 
for illustrative purposes. Line “A” is for 0.28 per cent carbon and 
0.11 per cent nitrogen and it is indicated that such an alloy in the 
aged condition will show an elongation of 12 per cent and a yield 
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pig. 10--otoetanee Chart of Relation 
of Carbon and Nitrogen to Elongation and 
Yield Strength of Aged HH Type Alloys. 
Alloys Wholly Austenitic. 


strength of 42,000 pounds per square inch. If the carbon is increased 
to 0.32 per cent and the nitrogen to about 0.15 per cent the alloy will 
have a yield strength of 50,000 pounds per square inch but the 
elongation will be only 8 per cent. The same elongation of 8 per 
cent also results with an alloy of 0.04 per cent nitrogen and 0.37 to 
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0.38 per cent carbon but the yield strength is only about 39,000 
pounds per square inch. Thus by the use of this chart quite close 
approximations can be made as to the yield strength and elongation 
of aged alloys of the HH type, providing they are wholly austenitic. 

The mathematical equations of the relations of elongation and 
yield strength to carbon and nitrogen contents for this type of alloy 
are: 


E = 34.4 — 66.6 (C + ¥) where E is the elongation in 2 


inches. Transposing C +- > iia A> 


YS = 10,5 + 62.5 (C+2N) where YS is the yield strength in 
1,000 per square inches. Transposing 


YS—-10.5 

Cee ae 
However, the nomographic chart of Fig. 10 is more convenient for 
most purposes and it has now been checked against the experimen- 
tally determined values for a rather large number of alloys with as 
good agreement as should be expected in this type of material. 

Mention has been made that the above relations are for wholly 
austenitic alloys of the HH type. Thus it becomes important to de- 
velop the conditions under which wholly austenitic alloys, will be 
obtained, that is, to explore the compositions which will give aus- 
tenitic structures. 


and 


Conditions for Wholly Austenitic Alloys 


It is quite generally recognized that chromium which has a 
body-centered cubic lattice is a ferrite promoter and that nickel with 
a face-centered cubic lattice is an austenite promoter. Also that car- 
bon is an austenitizing element. Numerous constitution or phase 
diagrams of the iron-chromium-nickel system have been published in 
the technical literature. A summary and correlation of previous 
investigations and of recent research conducted at the National 
Physical Laboratory is given in an article on “The Constitution of 
the Alloys of Nickel, Chromium and Iron” by Jenkins and others® 
and a brief presentation of similar information is given by Bain in 
the 1939 A.S.M. Metals Handbook (Pages 418-422). There has 
also been an extensive paper on the iron-chromium-nickel system by 

SJournal, Iron and Steel Institute, Vol. 136, page 187 (1937). 
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Schafmeister and Ergang.* While the information in the literature 
gave a general picture of the phases present in the iron-chromium- 
nickel system, the data were for essentially carbon-free wrought 
alloys or for alloys of lower carbon contents than the HH type, 
and finally not enough data were available for this particular study 
in which it was desired to establish the composition limits between 
wholly austenitic and partially ferritic alloys. There was also special 
interest in the composition range in which the brittle sigma phase 
forms at intermediate temperatures. 












A -Austenite 
B - Brittle Constituent 
C - Carbioes 
F - Ferrite 
Whol! 
” Austenitic 
Austenite + 
® ferrite 
- 4ustenite+ 
Ferrite + 
sigma 
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Fig. 11—Phase Diagram for Iron-Chromium-Nickel-Carbon 
Alloys of HH Type in the Temperature Range of 1200 to 1800 
Degrees Fahr. 


Because of the general agreement as to the existence of the 
compound Cr,C, the first assumption made was that carbon would 
combine with 16 times its weight of chromium, in the absence of 
other strong carbide formers, to form chromium carbide. This 
would make it necessary to consider not the total chromium but 
Cr-16C. This leaves the problem of considering the relation\of the 


Cr-16€ ©. 
Ni will be 


referred to as the ratio factor. Of the alloys which have been studied 
those shown in Table X have been considered with reference to 
*Archiv fiir das Eisenhiittenwesen, No. 9, March (1939). 


remaining chromium to the nickel and this relation 
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Fig. 12—Alloy ASl. ‘*As-Cast’’ Condition. Austenite Matrix, and Areas of Eutec- 
tic Carbide. Ratio. Factor 1.53. X 500. 


Fig. 13—Alloy AS1. ‘“‘As-Cast” and Aged 48 Hours at_1600 Degrees Fahr. Austen- 
ite Matrix, Eutectic Carbide Areas and Precipitated Carbides Largely Present in 
Bands Outlining the Dendritic Branches of Structure. x 500. 


Table X 
Alloys for Phase Diagram Studies 
Chart Alloy —_——_—_— Peer Cent — —-—_——_, Ratio 
No. No. Carbon Nitregen Chromium Cr-(Cx16) Nickel Factor 
1 AA 0.40 0.037 24.74 18.34 11.20 1.64 
2 AB 0.42 0.039 23.69 16.97 12.37 1.37 
3 AC 0.39 0.167 24.62 18.38 12.70 1.45 
4 AD 0.41 0.119 25.48 18.92 12.57 1.51 
5 AE 0.44 0.046 25.18 18.14 11.96 1.52 
6 AF 0.37 0.105 25.17 19.25 11.38 1.69 
7 AG 0.65 0.078 25.53 15.13 12.50 1.21 
8 AJ 0.07 0.073 25.32 24.20 12.99 1.86 
9 AK 0.17 0.060 24.97 22.25 12.46 1.79 
10 AL 0.28 0.063 24.41 19.93 12.35 1.61 
11 AM 0.31 0.062 26.33 21.34 9.70 2.20 
12 AS1 0.33 0.032 24.18 18.90 12.36 1.52 
13 AS2 0.33 0.087 24.57 19,29 12.48 1.54 
14 AS3 0.31 0.116 24.40 19.94 11.89 1.64 
15 AS4 0.31 0.150 25.30 20.34 11.99 1.70 
16 AS9 0.31 0.093 24.57 19.61 12.84 1.53 
17 AX1 0.31 0.096 27.17 22.21 11.84 1.87 
18 AX2 0.32 0.089 23.21 18.09 10.43 1.73 
19 AX3 0.32 0.089 23.98 18.86 10.60 1.78 
20 AX4 0.32 0.087 26.70 21.58 10.60 2.03 
21 AU1 0.31 0.090 25.71 20.75 12.55 1.67 
22 AU 0.30 0.086 22.95 18.15 12.66 1.43 
23 AU 0.32 0.092 22.96 17.84 11.77 1.53 
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their structures and chemical compositions and a plotted diagram is 
shown in Fig. 11. The ordinates are nickel and Cr-16C. Table X 
Cr-16C. 
Ni 
Three tentative fields are shown. In the high chromium range 
(above the lines W Y Z) there is the area in which four phases, 
austenite, ferrite, sigma and carbides, may exist. In the nickel-rich 
field (below lines X Y Z) only austenite and carbides are found. 
Then in an intermediate field (lower nickel and lower chromium, 
between lines XY and WY) may be found austenite, ferrite and 
cementite. ; 

Both ferrite and sigma are indicated in the field above lines 
W Y Z and this depends upon the previous thermal history of the 
specimen being examined. At high temperatures, above about 1800 
degrees Fahr. (980 degrees Cent.), the ferrite is the stable phase 
while at lower temperatures sigma is the stable phase. Thus, if the 
specimen has been rapidly cooled from the high temperature region 
it will show ferrite (delta), but if it has been cooled slowly from the 
high temperature region and especially if it has been heated at in- 
termediate temperatures such as 1200-1600 degrees Fahr. (650-870 
degrees Cent.), it will show more or less of the sigma phase. The 
presence of ferrite can be detected by microscopic examination and 
by magnetic tests. The sigma phase which is nonmagnetic is best 
detected by microscopic examination. 

Microstructures—lIllustrative of the microscopic studies, the 
microstructures shown in Figs. 12 to 16 may be used. Fig. 12 
shows the microstructure of Alioys AS1 (No. 12 in Table X and 
Fig. 11), which has a ratio factor of 1.53, in the as cast condition. 
This alloy is wholly austenitic as would be indicated by its ratio 
factor and the structure is seen to consist of austenite and islands 
of eutectic carbides. The austenite areas do not show any precipi- 
tated carbides in the grains. After aging 48 hours at 1600 degrees 
Fahr. (870 degrees Cent.), however, there is definite evidence of 
carbides in the austenite grains as shown in Fig. 13. This alloy does 
not show any evidence of ferrite or of the sigma phase. The precipi- 
tation of carbides on aging causes some increase in strength and loss 
in ductility of alloys of this type. 

Figs. 14 and 15 of Alloys AX1 and AX4, respectively, are 
illustrative of alloys of high ratio factors and show the presence of 
the brittle or sigma phase. These particular specimens had been 


gives the values for the Cr-16C and the ratio factors for 











CHROMIUM-NICKEL ALLOYS 


Fig. 14—Alloy AX1. Heated 500 Hours at 1600 Degrees Fahr. Shows Excessive 
Amount of Brittle Constituent. Ratio Factor 1.87. X 500. 


Fig. 15—Alloy AX4. Heated 500 Hours at 1600 Degrees Fahr. 
Amount of Brittle Constituent. Ratio Factor 2.03. x 


Fig. 16—Alloy AX3. C-0.32, N-0.089, Cr-23.98, Ni-10.60 Per Cent. Ratio Factor 
1.78, Heated 500 Hours at 1600 Degrees Fahr. Structure Thought to be Austenite, 
Carbides and Ferrite. 


Shows Excessive 
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aged 500 hours at 1600 degrees Fahr. (870 degrees Cent.) in order to 
fully develop the sigma phase. It will be noted that both of these 
alloys (Nos. 17 and 20 in Fig. 11) are above the line W Y Z. The 
ratio factors for AX1 and AX4 are 1.87 and 2.03, respectively, and 
by examination of the microstructures it is evident that the alloy of 
higher ratio factor shows more of the sigma phase. Both alloys show 
precipitation of carbides on aging and it may be pointed out that in 
alloys of this type there are two changes on heating at 1600 degrees 
Fahr. (870 degrees Cent.) which cause loss in ductility; (1) pre- 
cipitation of carbides and (2) transformation of ferrite to sigma and 
the latter has the more damaging effect. 

Fig. 16 shows the microstructure of Alloy AX3 (No. 19 in 
Table X and Fig. 11), after aging for 500 hours at 1600 degrees 
Fahr. (870 degrees Cent.). This alloy has a ratio factor of 1.78 
and falls in the region between lines XY and WY in Fig. 11 where 
it is indicated that the phases which may be present are austenite, 
ferrite and carbides. This alloy is only slightly removed from the 
region of wholly austenitic alloys but the photomicrograph indicates 
the presence of some ferrite which has not transformed into the 
sigma phase. The mechanical properties of the alloys in this field 
also indicate that sigma does not form on aging. Thus in the fields 
between the lines XY and WY, it is indicated that the phases present 
are ferrite, austenite and carbides. While it is not definitely estab- 
lished, the indications are that in the region of lower chromium 
content the ferrite does not transform to produce the brittle sigma 
phase or if such a transformation takes place it is very sluggish. No 
evidence of the presence of sigma in the alloys in this field had been 
‘detected although they have been subjected to various aging tests 
and examined microscopically. 

Cr-16C 


Ni 
as the dividing line between wholly austenitic alloys and those in 


which some ferrite will form. Of these alloys which form ferrite, 
those of higher chromium content, above W Y Z, are subject to the 
formation of the brittle sigma phase. It is believed that for the type 
of alloy in question, with chromium 23 to 27 per cent and nickel 
about 10 to 13, the relations are about as shown in Fig. 11. Thus, 
the special interest is in the exact position of the line which separates 
the field of wholly austenitic alloys from those which contain more or 
less ferrite. It seemed reasonable to study the ratio of the ferrite 


The line X Y Z represents a ratio of about 1.7 for 
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promoting element (chromium or chromium-16 carbon) to the aus- 
tenite promoting element and the relation of this ratio to the result- 
ing microstructures to see at what increasing ratio the structure 
changed from wholly austenitic to partially ferritic. 
'. Cr-16C era 

The ratios of Pees have been studied in the 23 alloys men- 
tioned in connection with Fig. 11 and have now been checked with 
some ten alloys containing special addition agents. It has been con- 
firmed that the ratio of Cr-16C which limits the field of wholly 
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Fig. 17—Nomographic Chart of Chromium, 
Nickel and Carbon Contents for Wholly Aus- 
tenitic HH Type Alloys. 


austenitic alloys is. about 1.7. This is for alloys containing ap- 
proximately 1.0 per cent each of manganese and silicon. This 
relation has been expressed in the nomographic chart of Fig. 17. 
Lines A, B and C have been drawn in for illustrative purposes. For 
example, with 0.30 per cent carbon and 24 per cent chromium a 
minimum of about 11.3 per cent nickel is required to produce an 
austenitic alloy—(Line A). If the carbon is held constant at 0.30 
per cent and the chromium increased to 26 per cent the nickel must 
correspondingly be increased to about 12.5 per cent to maintain the 
austenitic structure. Line C shows, however, that with 26 per cent 
chromium if the carbon is 0.45 per cent only about 11.0 per cent 
nickel is required. 
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In the case of castings where considerable segregation in the 
dendrites may take place, much of it concentration of chromium, 
it is necessary to work with some margin of safety. That is indi- 
cated by the maximum for chromium and the minimum for nickel 
shown in the chart. 

In the case of more complicated alloys containing other ferrite 
and/or austenite promoters such elements must be taken into con- 
sideration in producing alloys of balanced composition and of 
wholly austenitic structures. 

The alloys listed in Table X were of the iron-chromium-nickel- 
carbon type with manganese and silicon at relatively constant values 
(about 1 per cent) but other alloys with special addition agents have 
been studied, for example, increased amounts of silicon, additions 
of molybdenum, columbium, aluminum and zirconium. Having 
established the relations for carbon, chromium and nickel to produce 
wholly austenitic alloys and the limiting compositions, it becomes 
possible to estimate the chromium equivalents of other ferrite pro- 
moters and this will be discussed later. While ferrite and sigma 
can be detected microscopically, it is a convenience to make use of 
simple magnetic tests to determine the presence of ferrite and_ some 
of the findings from studies along this line are given in the next few 
paragraphs. 

Magnetic Tests—Wholly austenitic alloys of the HH type are 
nonmagnetic and a rough test for the presence of ferrite can be made 
with a hand magnet. Such a test is not searching enough for alloys 
which are only slightly ferritic and with alloys in which the ferrite 
has transformed to the sigma (nonmagnetic) phase the ferritic 
character of the alloy would not be indicated. Accordingly a more 
precise method has been used and the specimens have been heated’ 
to 1800 degrees Fahr. (980 degrees Cent.) and quenched in water 
before testing. Heating to 1800 degrees Fahr. (980 degrees Cent.) 
converts the sigma phase into ferrite and quenching retains the 
ferrite. 

Using specimens quenched from 1800 degrees Fahr., quite good 
correlations have been found between the ratio factors and the ferric 
induction® as is shown in Table XI. It will be observed that of the 
alloys which have ratio factors of less than 1.7 only one (AU1) 





THeated 24 hours at 1800 degrees Fahr. (980 degrees Cent.). 


8Ferric induction (Br)is equal to B-H where (B) is the measured magnetic induction 
at the field strength (H). In the tests reported H = 5,494 oersteds. 
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shows a value of over 24 and it showed only 48. Only one alloy 
(AX2), having a ratio factor of over 1.7, showed a value of 24. 
Its ratio factor was only 1.73 and microscopic examination did not 
reveal the presence of ferrite or sigma. 

With the alloys of higher ratio factors of 1.78 to 2.20 the 
ferric induction ,values ranged from 95 to 1398. The two molyb- 
denum-containing alloys (AN2 and AN4) also showed good cor- 
relations between the calculated ratio factors and their ferric 
inductions. 

It is indicated that a relatively simple magnetic test on quenched 
specimens of the HH type alloys will show whether or not the alloys 
are substantially austenitic and certainly that such a test will show 
the presence of ferrite in the amounts which have been shown to 
cause excessive embrittlement in the aging tests and will later be 
shown to have low load-carrying capacities in the creep tests. 

It seems possible that a magnetic test on a “pencil” casting 
might be made on a heat before it is tapped and adjustments in 
composition made if the test indicated a ferritic alloy. 


RELATION OF CHEMICAL COMPOSITION TO PROPERTIES OF HH Type 
ALLoys AT ELEVATED TEMPERATURES 


Short-time tension tests have been made on various alloys at 
temperatures of 1800, 1600 and 1400 degrees Fahr. (980, 870 and 





Table XI 
Magnetic Tests on HH Type Alloys 





— Per Cent ——_,, Other Ratio Ferric* 
Chromium Nickel Carbon Elements Factor Induction 
22.95 12.66 0.30 Saas 1.43 
25.48 12.57 0.41 eee 1.50 
22.96 11.77 0.32 wae 1.52 
24.57 12.84 0.31 be ak 1.53 
24.18 12.36 0.33 dea 1.54 
24.41 12.35 0.28 AOE 1.61 
24.40 11.94 0.31 an 1.63 
25.71 12.55 0.31 ana 1.67 
25.30 11.97 cian 1.69 
23.21 10.45 1.73 
23.98 10.60 1.78 
27.17 11.84 1.87 
26.70 10.61 2.03 
26.33 9.70 2.20 
24.97 12.46 1.80 
25.32 12.99 mas 1.86 
23.66 12.84 0.48 Mo 1.63 0 
24.94 10.20 0.96 Mo 2.24 868 
23.14 12.52 1.05 Mo 1.76 49 


*Ferric induction (Br) — B-H where (B) is measured induction and (H) is the 
field strength. 
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760 degrees Cent.) and creep tests have been made on selected 
alloys at these same temperatures. The effects of variations in 
compositions on the mechanical properties have been studied and 
correlations have been made between these properties and micro- 
structures. 


TENSILE PROPERTIES OF HH Type Attoys at 1800 Decrees Fanr. 
AS A FUNCTION OF THE CARBON CONTENT 


It will be noted from the chemical composition of the alloys tested 
at 1800 degrees Fahr. (980 degrees Cent.) (Table XII) that five of 
the alloys contain approximately 0.31 + 0.03 per cent carbon, and 
five others contain about 0.40 + 0.03 per cent carbon. Two alloys in 
each group are of low nitrogen content (AS1, AL, AA, AE), two in 
each group are of intermediate nitrogen (AS2, AS3, AF, AD) and 
one in each group contains high nitrogen (AS4, AC). 

The data obtained in tension tests for these two groups of 
alloys may therefore be employed to obtain an approximation of the 
trends of change in the tensile properties as a function of the carbon 
content. This has been worked out as shown in Table XIII. 

The procedure used consisted of the following steps: 

_ 1. The average tensile properties of the groups of five 

0.31 per cent carbon and five 0.40 per cent carbon alloys were 

determined. 

2. The difference between the average properties of the 
two groups of alloys was obtained. This is considered as the 
actual change brought about by a 9-point carbon increase; each 
0.01 per cent carbon increase is taken as 1/10 this amount for 
convenience in calculations. 

3. The indicated change, per 0.01 per cent carbon increase, 
of each of the tensile properties divided by the grand average 
for the ten heats X 100 is taken as an approximation of the 
‘average percentage change brought about by each 0.01 per cent 
carbon content. 

The higher carbon alloys (0.40 per cent carbon) exhibited higher 
strength properties and lower ductility properties than the low carbon 
(0.31 per cent carbon) alloys. 

The approximate average per cent change in properties per 0.01 
per cent carbon increase is also given in Table XIII. This will be used 
later in the text in the determinations of the relative potencies of car- 
bon and nitrogen on the tensile properties of 1800 degrees Fahr. 
(980 degrees Cent.). | 
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The Tensile Properties at 1800 Degrees Fahr. (980 Degrees 
Cent.) as a Function of the Nitrogen Content—The ten alloys whose 
properties are listed in Table XII are also useful for developing 
the relation between nitrogen content and mechanical properties. 

Approximations of the average per cent change in properties 
per 0.01 per cent nitrogen increase, for the alloys at the 0.31 per cent 
carbon and the 0.40 per cent carbon levels, are given in Table XIV. 
These values were arrived at by plotting the tensile values of each 
of the alloys versus their nitrogen content and drawing a straight line 
through the points to indicate the trend of change with increasing 
nitrogen content. From such trend lines, an approximation of the 
change in tensile values per unit increase in nitrogen was obtained. 

Nitrogen is effective in increasing each of the strength values, 
while it decreases the ductility values more than equal amounts of 
carbon. This is the same general trend as was observed in the case 
of carbon but the nitrogen is more potent. It should be noted, how- 
ever, that the elongation values ranged from 17 to 46 per cent (Table 
XII) and that alloy AS4 with a nitrogen content of 0.15 per cent 
showed an elongation of 22.5 per cent. Thus it is indicated that up 
to 0.15 per cent nitrogen with about 0.30 per cent carbon can be 
used in these alloys to increase the strength and they will still have 
adequate ductility at 1800 degrees Fahr. (980 degrees Cent.). 


The Relative Influence of the Carbon and Nitrogen Variations on 
the Tensile Properties Developed at 1800 Degrees Fahr. 
(980 Degrees Cent.) 


The data presented in Tables XIII and XIV regarding the ap- 
proximate average per cent change in properties per 0.01 per cent 
carbon and 0.01 per cent nitrogen increase, respectively, are sum- 
marized in Table XV in order to indicate the relative potency of 
these two elements in affecting the tensile properties. 

Increasing carbon and nitrogen both effect increased strength 
properties and reduced ductility. In both these respects nitrogen is 
more potent than carbon at 1800 degrees Fahr. (980 degrees Cent.). 

The information regarding the relative potencies of carbon and 
of nitrogen may be employed to obtain the relation of each of the 
tensile values to the combined carbon and nitrogen contents of the 
alloys. 

In Figs. 18, 19 and 20 the tensile strength, yield strength and 
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Fig. 18—Relation of Tensile Strength at 1800 Degrees Fahr. to Carbon 
and nate Contents of Austenitic HH Type Alloys. 
. (1000 psi.) = 3.45 + 15 (C + 2N). 
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_ Fig. 19—Relation of Yield Strength at 1800 Degrees Fahr. to Carbon and 


Nitrogen Contents of Austenitic HH Type Alloys. 
S. (1000 psi.) = 2.14 + 10.6 (C + 2N). 


elongation values, respectively, are plotted against a value equal to 
the carbon content + (the nitrogen content X the relative potency 
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Fig. 20—Relation of Elongation at 1800 Degrees Fahr. to Carbon and 
Nitrogen Contents of Austenitic HH Type Alloys. 
E = 67 — 66.7 (C + 2% N). 
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Fig. 2i—Nomographic Chart of the Re- 
lation at 1800 Degrees Fahr. of Elongation 
and Tensile Strength to Carbon and Nitro- 
gen Contents of Austenitic HH Type 
Alloys. 
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Table XIII 


Approximations of the Degree of Difference in the Tensile Properties of 0.31 Per Cent 
Carbon and 0.40 Per Cent Carbon Alloys (Tested at 1800 Degrees Fahr.) 


Yield Yield 
Tensile Strength Strength Elongation Reduction 
Strength (0.1% Def.) (0.2% Def.) in 2” of Area 
psi. psi. psi. Per Cent Per Cent 


Averages for 0.31% C 
Alloys (AS1, AL, 10,885 5,580 7,315 31.4 50.5 
AS2, AS3, AS4) 

Averages for 0.40% C 


Alloys (AA, AE, 12,360 6,580 8,420 24.6 36.9 
AF, AD, AC) 
Averages for 0.31% C 
and 0.40% C Alloys 11,625 6,080 7,870 28.0 43.7 
Comparison of 0.40% C 
Alloys with 0.31% C + 1,475 + 1,000 +1,105 — 6.8 —13.6 


Alloys as a base 
Approximate Average % 


Change in Proper- + 1.27% +1.65% +1.41% — 2.4% — 3.1% 
ties/0.1% C increase 














Table XIV 


Approximations of the Average Per Cent Change in Properties Per 0.01 Per Cent 
Nitrogen Increase Within the Range of 0.03 Per Cent to 0.17 Per Cent Nitrogen 


0.31% C Alloys 0.40% C Alloys Average 
Tensile Strength, psi. . +2.7% +2.3% +2.5% 
Yield Str. (0.1% Def.), psi. +3.3% +2.9% +3.1% 
Yield Str. (0.2% Def.), psi. +3.0% +2.5% +2.8% 
Elongation in 2”—% —6.3% —6.3% —6.3% 





Reduction of Area, % —4.9% —4.8% —4.8% 


of one unit of nitrogen in contrast to that of one unit of carbon). A 
close approximation ‘to a straight line relationship is observed in the 
case of all three figures. 

The relationships developed in the above-mentioned figures 
have been used to construct the nomographic charts, Figs. 21 and 22, 
from which the strength properties at 1800 degrees Fahr. (980 
degrees Cent.) are indicated for all combinations of carbon and 
nitrogen within the range of 0.25 to 0.45 per cent carbon and 
0.03 to 0.17 per cent nitrogen. The method for using these 
charts is to draw a straight line connecting the desired percent- 
ages of carbon and nitrogen on their respective scales, and note 
the points of intersection of the drawn line on the tensile property 
scales. Similarly, a tensile strength, yield strength or elongation 
value may be selected and the charts used to indicate the various com- 
binations of carbon and nitrogen which will give the desired prop- 
erties at 1800 degrees Fahr. (980 degrees Cent.). 

It should be obvious that the charts of Figs. 18 and 19 must be 
used in conjunction with the chart of Fig. 20. For example, if it is 


SN a a AR agian ne mae = 
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Table XV 
The Relative Average Per Cent Change in Properties Effected by Each 0.01 Per Cent 
Carbon and Nitrogen Increase 


(Carbon range 0.31-0.40 Per Cent Carbon) 
(Nitrogen range 0.03-0.17 Per Cent Nitrogen) 


Relative 
ar rae? in re - Potency/0.01% 
01% C C:N 


aoe Strength, psi. , amin 
Yield Str. (0.1% Def. » psi. ; + 
Yield Str. (0.2% Def.), psi. ‘ + 
Elongation in 2”—% ; — 
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Fig. 22—Nomographic Chart of the Re- 
lation at 1800 Degrees Fahr. of Yield 
Strength to Carbon and Nitrogen Con- 
tents of Austenitic HH Type Alloys. 


desired to produce an alloy of a certain yield strength the various 
combinations or ranges in carbon and nitrogen may be taken from 
Fig. 22, but if it is also necessary to have a certain elongation then 
Fig. 21 must be considered. This second evaluation may show the 
best combination of carbon and nitrogen to give the desired yield 
strength and elongation or may show that the desired combination of 
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properties are not likely to be obtained by any variations or combina- 
tions of carbon and nitrogen contents. It will be observed that the 
relations found at 1800 degrees Fahr. (980 degrees Cent.) (Figs. 
18-22) are not the same as those found for aged specimens tested 
at room temperature and presented earlier in this paper. 


Comparison of the Relative Influence of the Carbon and Nitrogen 
Variations on the Room Temperature and 1800 Degrees Fahr. 
(980 Degrees Cent.) Tensile Properties 











From a comparison of the relative influence of each 0.01 per cent 
increase in carbon and nitrogen content on the tensile properties 
obtained at room temperature for “aged” material, and in test at 
1800 degrees Fahr. (980 degrees Cent.), there are developed some 
interesting similarities and in other cases some rather marked re- 
versals in their influence as a function of testing temperature. 

The approximations of the potency of each 0.01 per cent increase 









Table XVI 
Approximations of the Average Per Cent Change in Properties Per 0.01 Per Cent Increase 
in Nitrogen and Carbon Content as Developed in Test at Room Temperature 
and at 1800 Degrees Fahr. (980 Degrees Cent.) 

(For essentially austenitic alloys with carbon within the range of 0.31 to 0.40% C, 
and nitrogen 0.03 to 0.17% N) 












Room Temperature Test at 1800° Fahr. 
Tension Test 
(Aged Alloy) 

Average Change in Properties per 0.01% Increase in: 


Carbon Nitrogen arbon Nitrogen 
Tensile Strength, psi. — 10% +0.7% +1.3% +2.5% 
Yield Strength (0.1% Def.), psi. + 1.3% +3.0% +1.6% +3.1% 
Yield Strength (0.2% Def.), psi. + 1.5% +2.7% +1.4% +2.8% 
Elongation—% /2” —10.0% —5.1% —2.4% —6.3% 
Reduction of Area, % —12.2% —5.9% —3.1% —4.8% 





















in nitrogen and carbon content on each of the tensile properties, de- 
veloped in test at room temperature, and in test at 1800 degrees 
Fahr. (980 degrees Cent.) are given in Table XVI for comparison 
purposes. 

Tensile Strength—While each 0.01 per cent carbon increase 
lowers the room temperature tensile strength, it acts to raise the 
tensile strength at 1800 degrees Fahr. (980 degrees Cent.). Each 
0.01 per cent nitrogen increase, however, acts to increase the tensile 
strength under both conditions of test, while it exerts slightly greater 
influence at 1800 degrees Fahr. (980 degrees Cent.). 

Yield Strength—Increasing amounts of both carbon and nitro- 
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gen increase the yield strength values for the alloys under both 
conditions of test. The degree of change in the yield strength effected 
by each 0.01 per cent increase in carbon and nitrogen is closely 
similar under the two conditions of test, and each 0.01 per cent car- 
bon increase is about one-half as effective in increasing the yield 
strength values as each 0.01 per cent nitrogen. 
Ductility—Increasing carbon and nitrogen contents decrease the 


Table XVII 


Results of Tension Tests Conducted at 1600 Degrees Fahr. 
(Substantially Austenitic Alloys) 


Alloy 
Carbon—% 
Nitrogen—% 
Chromium—% 
Nickel— % 
Silicon—% 
Manganese—% 
Ratio Factor 


Tensile Strength, 
Yield Str. (0.1% 


ASI 
0.33 
0.032 
24.18 
12.36 
0.83 
0.96 
1.54 


17,350 


ef.), psi. 11,000 


Yield Str. (0.2% Def.), psi 11 ;800 


Elongation in 2”—% 
Reduction of Area—% 
Mod. of Elas., x 10-4 


ductility under both conditions of test. 
increase is indicated to have about four times as drastic 


23.0 
51.0 
11.5 


AA 
0.40 
0.037 
24.74 
11.20 
1.03 
0.90 
1.64 


18,350 
11,100 
12,900 
22.0 
31.6 
10.4 


AX2 
0.32 
0.089 
23.21 
10.43 
0.96 
0.95 
1.73 


21,250 
13,800 
15,300 
17.0 
34.1 


AS9 
0.31 
0.093 
24.57 
12.84 
0.99 
0.98 
1.53 


19,250 
13,800 
14,400 
20.0 
28.1 
13.5 


AS3 
0.31 
0.116 
24.40 
11.89 
1.01 
1.09 
1.63 


21,600 
14,500 
15,500 
13.0 
18.1 
10.1 


AS4 
0.31 
0.15 
25.30 
11.97 
0.91 
0.99 
1.70 


23,050 
16,900 
18,100 
13.0 
20.3 
14.5 


Each 0.01 per 


AD 
0.41 
0.119 
25.48 
12.57 
0.92 
0.68 
1.50 


26,100 
17,500 
19,000 
8.5 
17.5 
17.2 


AC 
0.39 
0.167 

24.62 


cent carbon 
an effect on 


the ductility at room temperature as on the ductility at 1800 degrees 
Fahr. (980 degrees Cent.). Each 0.01 per cent nitrogen increase, 
however, has a slightly greater effect at 1800 degrees Fahr. than at 
room temperature. The relative potency of carbon and nitrogen on 
the ductility values are completely reversed under the two conditions 


of test. Each 0.01 per cent carbon increase reduces the ductility at 
room temperature by about twice as much as each 0.01 per cent 
nitrogen increase; while in test at 1800 degrees Fahr. each 0.01 per 
cent nitrogen is 2.5 times as effective in reducing the ductility as each 
0.01 per cent carbon increase. : 

The above may be summarized by the statement that the strength 
properties for essentially austenitic alloys, at room temperature and 
at 1800 degrees Fahr. (980 degrees Cent.), can be most effectively 
increased over those of a 0.30 per cent carbon-0.03 per cent nitrogen 
alloy by increasing the nitrogen content rather than the carbon con- 
tent ; the use of increased amounts of nitrogen is also to be preferred 
due to its less harmful influence on the ductility properties at room 
temperature ; however, nitrogen has a more detrimental effect on the 
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ductility of these alloys at 1800 degrees Fahr. (980 degrees Cent.) 
than carbon. The ductility of these alloys at 1800 degrees Fahr. (980 
degrees Cent.) seems adequate. 


Tensile Properties of HH Type Alloys at 1600 Degrees Fahr. 
(870 Degrees Cent.) as a Function of Carbon and Nitrogen Contents 


The compositions of the eight substantially austenitic alloys 
tested at 1600 degrees Fahr. (870 degrees Cent.) and the tension 
test results are given in Table XVII. The procedures used in de- 
veloping the effects of carbon and of nitrogen and their combined 
effects were the same as those used in the studies at 1800 degrees 
Fahr. (980 degrees Cent.) just previously described and need not 
be repeated. 

The tensile and yield strengths and elongation values are plot- 
ted as functions of the carbon and nitrogen contents in Figs. 23, 24 
and 25, respectively. These data have been used to construct the 
nomographic charts of Fig. 26, from which the properties are indi- 
cated for various combinations of carbon and nitrogen within the 
range of 0.25 to 0.45 per cent carbon, and 0.03 to 0.17 per cent 


N 








Tensile Strength, 1000 P&I. 


060 
C+2N, Per Gent 


Figs. 23 and 24—Relation of Tensile and Yield Strengths, Respectively, in 
Short-Time Tension Tests at 1600 Degrees Fahr. to Carbon and Nitrogen 
Contents of Austenitic HH Type Alloys 


r. S. (1000 psi.) = 31.2 (C + 2N) + 4.76; Y. S. (1000 psi.) = 30.4 (C + 2N) 





TRANSACTIONS OF THE A. S. M. December 


8 


C+2N, Per Cent 
Fig. 24 


nitrogen. The method for using these charts is to draw a straight 
line connecting the desired percentages of carbon and nitrogen on 
their respective scales, and note the points of intersection of the 
drawn line on the tensile property scales. 

The relations found at 1600 degrees Fahr. (870 degrees Cent.) 
are the same as those found in test at 1800 degrees Fahr. (980 de- 
grees Cent.). As will be shown later these relations do not hold 
when the alloy departs substantially from a wholly austenitic structure. 


RELATION OF AGING TREATMENTS TO THE RETAINED DUCTILITY 
AFTER AGING IN HH Type ALLoy 


In industry and in the research laboratories the effect of aging is 
usually expressed in terms of elongation in the tension test on aged 
specimens at room temperature. The two more extensively used aging 
treatments are (1) 48 hours at 1600 degrees Fahr. (870 degrees 
Cent.) and (2) 24 hours at 1400 degrees Fahr. (760 degrees Cent.). 
The question naturally arises as to the relative merit and significance 
of these two tests. As has been pointed out earlier in this paper, 
there are two changes in the alloy which seem to be the major factors 
in reducing the ductility in the aging tests—(1) precipitation of car- 
bides, and (2) transformation of ferrite to sigma. Obviously, in the 
case of wholly austenitic alloys, only the precipitation phenomenon 
will be involved but in the case of the partly ferritic alloys both 
phenomena may be invoived. There is also the question of whether 
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Fig. 25—Relation of Elongation in Short-Time Tension Tests at 
1600 Degrees Fahr. to Carbon and Nitrogen Contents of Austenitic 


HH Type Alloys. 
E = 43.6 — 47 (C + 2%4N). 
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Fig. 26—Nomographic Charts of the Relation at 1600 Degrees Fahr. of 
Elongation, Tensile Strength, and Yield Strength in Short-Time Tension 
Tests to Carbon and Nitrogen Contents of Austenitic HH Type Alloys. 
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continuing the aging treatment beyond the times mentioned above 
will cause further reduction in the elongation. The following rela- 
tions seem to be indicated from the data in Table XVIII. 

In the case of wholly austenitic alloys, the trend is for aging 24 
hours at 1400 degrees Fahr. (760 degrees Cent.) to give somewhat 
lower elongation values than aging 48 hours at 1600 degrees Fahr. 
(870 degrees Cent.). The following pairs of values may be cited 
for the results of tests after 24 hours at 1400 degrees Fahr. (760 
degrees Cent.) and 48 hours at 1600 degrees Fahr. (870 degrees 
Cent.), respectively : 

(AS9) 8 and 9, (AU2) 11 and 13, (AW1) 10 and 16.0, 
and (AU1) 8.5 and 12.5. <A probable explanation is that 1400 
degrees Fahr. (760 degrees Cent.) is a favorable temperature for 
precipitation and does not result in any agglomeration or increase in 
the size of the precipitated particles. Aging 500 hours at 1600 de- 
grees Fahr. (870 degrees Cent.), at least in some tests which have 
been made, has resulted in a higher elongation value than aging 48 





Table XVIII 
Comparison of Aging Treatments on Retained Ductility of HH Type Alloys 
(Per Cent Elongation in 2 Inches and Time of Aging in Hours) 


Alloy Ratio Aged at 1400° F.— -—Aged at 1600° F.— 
No. Factor™ Time Elongation Time Elongation 
AM 2.20 24 9.0 48 9.5 
AX4 2.03 24 12.0 48 

tie ee hibe 500 

AX1 1.87 24 13.0 48 

ieee Pe a 500 
AX3 1.78 24 10.0 48 
hi ia jie : ten 500 
AX2 1.73 24 12.0 48 
Pure a vous 500 

AS4 1.70 7.0 48 
AU1 1.67 24 8.5 
AL 1.61 cab ce 
AS1 1.54 11.5 
AS9 1.53 24 8.0 
AU3 1.52 tb 
AU2 1.43 "24 11.0 
AW1 1.63 "24 10.0 
AW2 1.80* "24 11.0 

' AW3 1.73* "24 11.5 

AN? 2340 “24 id's 

AN3 1.77** 24 “7.0 


—_ 
_ 
o 


PNP WNBWMNOCHABAAVOHANNSBANWSNS 
SoOMoOONoDOUNUSOOOOOSOOONSOONMSOSSS 


500 


Alloys with a ratio factor greater than about 1.7 are more or less ferritic. 
*Calculated with silicon over 1 per cent as equal to 3 chromium. 
**Calculated with molybdenum as equal to 4 chromium. 
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hours at the same temperature. For example, alloy AU3 showed 12 
per cent elongation after 48 hours at 1600 degrees Fahr. (870 de- 
grees Cent.) and 15 per cent after 500 hours, and alloy AX2 showed 
15 per cent after 48 hours and 16 per cent after 500 hours. On the 
other hand, alloy AU2 gave values of 13 per cent under each condi- 
tion and alloy AU1 showed 12.5 per cent after 48 hours and only 
7 per cent after 500 hours. 

Thus for these austenitic alloys, aging at the lower temperature 
of 1400 degrees Fahr. (760 degrees Cent.) results in lower ductility 
values than 48 hours at 1600 degrees Fahr. (870 degrees Cent.) and 
continuing the aging for longer periods of time at 1600 degrees 
Fahr. (870 degrees Cent.) does not, in general, further reduce the 
ductility, in fact the elongation may show an increase. Data are not 
available with reference to the effect of longer aging times than 24 
hours at 1400 degrees Fahr. (760 degrees Cent.). 

With austenitic alloys of higher carbon content (about 0.40 
per cent) aging develops lower elongation values than for the 
lower carbon (about 0.30 per cent)-alloys and the percentage reduc- 
tion in elongation was higher in the higher carbon alloys. 

In the case of partially ferritic alloys, as mentioned above, two 
phenomena are involved and it seems probable that the relative 
importance of the two phenomena depends upon the relative amount 
of ferrite present. From somewhat limited data, the trend seems 
to be that there is a greater reduction in aging 48 hours at 1600 
degrees Fahr. (870 degrees Cent.) than 24 hours at 1400 degrees 
Fahr. (760 degrees Cent.), for example, alloy AX4, with a ratio 
factor of 2.03, and AX1, with a ratio factor of 1.87, showed elonga- 
tion values when aged 24 hours at 1400 degrees Fahr. (760 degrees 
Cent.) and 48 hours at 1600 degrees Fahr. (870 degrees Cent.) of 
12.0 and 11, and 13.0 and 10, respectively. When these alloys were 
aged 500 hours at 1600 degrees Fahr. (870 degrees Cent.) the 
elongation for the alloy of higher ratio factor was only 3 per cent 
and the other 5 per cent. This seems to show that the transformation 
of ferrite to sigma phase is a comparatively sluggish reaction. It is 
faster at 1600 degrees Fahr. (870 degrees Cent.) than at 1400 de- 
grees Fahr. (760 degrees Cent.), but even at 1600 degrees Fahr. 
(870 degrees Cent.) the elongation shows a marked further decrease 
when the aging treatment is extended to 500 hours as compared with 
only 48 hours. 

Some aging tests have been made on alloy AN2, containing 
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0.96 per cent molybdenum, and having a calculated ratio factor of 
1.87. It showed an elongation as cast of 18.5 per cent but this was re- 
duced to 8 per cent on aging 48 hours at 1600 degrees Fahr. (870 de- 
grees Cent.), to 4.5 per cent on aging 500 hours at 1600 degrees 
Fahr. (870 degrees Cent.), while the value was reduced only to 10 
per cent on aging 24 hours at 1400 degrees Fahr. (760 degrees 
Cent.). The behavior of this alloy is in line with the previous 
discussion of partially ferritic alloys. In a higher molybdenum con- 
tent alloy (AN), with 2.9 per cent molybdenum, the determination 
as cast was 10 per cent and after aging 48 hours at 1600 degrees 
Fahr. (870 degrees Cent.) was only 2 per cent. The calculated ratio 
factor for this alloy, using the formula proposed elsewhere in this 
paper, is 2.6. 


EFFECT OF THERMAL SHOCK ON IMPACT RESISTANCE OF 
Heat ReEsistinc ALLoys 


Some industrial applications of heat resisting alloys subject them 
to thermal shock or at least cyclic heating and cooling. Two series 
of tests have been run to study the behavior of alloys in such service. 
In one series the specimens were heated and then cooled in air while 
in the other they were heated and quenched in water. 

Specimens of 19 heats of alloy, in the form of unnotched Charpy 
impact bars, were subjected to 240 cycles of heating to 1600 degrees 
Fahr. (870 degrees Cent.), and cooling in moving air to about 600 
degrees Fahr. (315 degrees Cent.). The cycle was 20 minutes in the 
furnace and 10 minutes in air. The specimens were then tested in 
_- impact. 

The materials tested and their Charpy impact values in both the 
“as cast” condition and after the thermal shock exposure are given 
in Table XIX. 

The alloys listed under Group “A” are substantially austenitic 
and have ratio factors in the range of 1.43 to 1.78. The impact 
values after the thermal shock exposure range from 41 to 120+ 
foot-pounds except in the case of the columbium-containing alloys 
(AQ and AQ2) which showed values of 29 and 30, respectively, 
after exposure to thermal shock. 

Group “B” alloys have high ratio factors, and they contain 
some ferrite. Impact values of 28 and 22 foot-pounds are shown 
after exposure to thermal shock. 
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Table XIX 


The Impact Resistance of Alloy Materials After Thermal Shock Test and in the 
“As-Cast” Condition 





Charpy Impact, Ft.-Lbs. 


Ratio After Thermal 
Heat No. Cc N Factor Shock As-Cast 


Group “A” HH Type Alloys 


0.093 1.53 Substantially 120+ 
0.090 1.67 Austenitic 120+ 
0.086 1.43 Alloys 120+ 
0.092 1.52 120+ 
0.089 1.73 120+ 
0.089 1.78 120+ 
0.032 1.54 120+ 
0.116 1.64 3 120+ 
0.150 1.70 110 

0.073 (a) 50 

0.086 (b) 91 


(a) 0.96 per cent Columbium. (b) 0.51 per cent Columbium. 
Group “B”’ HH Type Alloys 


AX1 ; 0.097 1.87 Partly Ferritic 
AX4 i 0.089 2.03 Alloys 22 


Group “CC”? HH Type Alloys 


AW1 b 0.085 1.63 0.34% Si 46 
AW2 , 0.091 1.61? 1.78% Si 40 
AW3 , 0.087 1.54? 1.80% Si 14 


Group “D’”’ Higher-Carbon HH Type Alloys 


0.037 1.37 12 
0.119 1.51 13 
0.167 1.45 8 


AS9 
AU1 
AU2 
AU3 
AX2 
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Table XX 
Data from Heating and Quenching Tests 


(Specimens Alternately Heated to 1400 Degrees Fahr. and Water-Quenched) 
Number of Cycles—1050 





Ratio Factor —————————-Thermal Shock Test Data 
(Cr-16 C) 
Composition So Changein Ferro-Magnetism** 
Carbon Nitrogen Ni Length, % Initial After Test Cracking 


0.41 0.119 1.51 0.00 N.M. .M. None 
0.33 0.032 1.53 0.00 N.M. .M. None 
0.31 0.116 1.64 0.00 N.M. .M. None 
0.40 0.037 1.64 +0.2 W.M. .W.M. Few on ends 
and side 
0.31 0.062 2.16 +0.6 W.M. -M. Few on ends 
and side 
0.17 0.060 1.80 +1.2 W.M. ._M. Ends badly, 
few side 
AQ2 0.35 0.086 0.51 Cb 0.00 N.M. .M. None 
AT2* 0.30 0.136 9.15 Ni 0.00 N.M. .M. None 
5.31 Mn, 
AS5-3 0.31 0.072 0.11 Al 0.00 N.M. .M. None 
0.14 Zr, 


*Heats so marked contain some ferrite, while others are wholly austenitic. 
**N.M.—Non magnetic. 

W.M.—Weakly magnetic. 

V.W.M.—Very weakly magnetic. 
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Group “C” alloys indicate the influence of silicon. Alloys AW2 
and AW3 were partially ferritic and it is estimated that their calcu- 
lated ratio factors should be about 1.80 and 1.73, respectively. 

Group “D” alloys are high in carbon and are considerably 
lower in impact resistance both as cast and after shock exposure 
than the lower-carbon alloys of Group “A”. 

Under the conditions used, alloys of the HH type show some 
loss in impact resistance as compared with “as cast” specimens, but 
the alloys of 0.30 to 0.33 per cent carbon and substantially austenitic 
(Group “A”’) still have impact resistances in the range of 41 to 120 
foot-pounds. 

The partly ferritic alloys (AX and AX4) of Group “B” 
showed lower impact resistances and greater loss in ductility on 
cyclic heating and cooling. The silicon in Group “C” alloys prob- 
ably functions to make the alloys partly ferritic. 

This suggests, but does not prove, that HH type alloys of low 
ratio factors may give satisfactory service in applications involving 
cyclic heating and cooling. 


Heating and Quenching Tests 


In these tests the alloy materials were subjected to a more 
drastic thermal shock treatment than in the cyclic heating and cooling 
in air. Cylindrical specimens ; inch diameter by 1 inch long were 
used. The cycle of heating and quenching consisted of having the 
specimens in an electrically heated furnace at 1400 degrees Fahr. 
(760 degrees Cent.) for a 614-minute interval, followed by quench- 
ing directly from that temperature into a water bath at about 160 
degrees Fahr., in which they remained for 30 seconds. The test 
was continued for 122 hours or about 1000 cycles. 

At intervals during the test, the specimens were examined for 
change in dimensions, magnetic character, and the development of 
cracks. 

The alloy materials tested are listed in Table XX, which also 
gives the change in length noted for each specimen at the end of 
test, and notes regarding other observations that were made. 

Only three of the materials tested, namely, AA, AM, and AK, 
are noticeably affected by this treatment. These three materials are 
the only ones of the group which are not wholly austenitic in the “as 
cast” condition. Their microstructures have been discussed earlier 
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in this paper. The thermal shock treatment caused these three mate- 
rials to grow in length and develop rather minute cracks as evi- 
denced on the surface. As shown by the data in the table, material 
AA was least affected, while materials AM and AK showed rather 
marked deterioration. Why alloy AA, with a ratio factor of 1.64, 
should be even weakly magnetic is not evident. It may have been 
segregated so as to produce magnetic areas. 

This test seems definitely of value in showing that the wholly 
austenitic alloys are markedly superior to alloys containing ferrite 
in withstanding rather drastic thermal shock treatment. The modi- 
fied alloys (AQ2, AT2, and AS53), all substantially austenitic, also 
stood up well in this test. 


CrEEP BEHAVIOR OF HH Type ALLoys 


In the application of heat resisting alloys at elevated tempera- 
tures where load carrying capacity is an important requirement, it 
is believed that high creep strength is the most desirable character- 
istic. As previously indicated; for some applications retained duc- 
tility after exposure at elevated temperatures is an important char- 
acteristic of heat resisting alloys. Obviously, a combination of high 
load carrying ability and good retained ductility after exposure to 
elevated temperatures represents the ideal properties of heat resist- 
ing alloys. 


Creep Strength\as a Function of Chemical Composition 


In the present studies the creep characteristics of thirteen alloys 
have been determined. Some of the alloys were tested at all of the 
temperatures of 1400, 1600 and 1800 degrees Fahr. (760, 870, 980 
degrees Cent.) but some of them were tested at only one or two of 
these temperatures. The chemical compositions of the alloys studied 
are listed in Table XXI which also shows their ratio factors and 
whether the alloys are wholly austenitic or partially ferritic. Of 
these alloys, nine are wholly austenitic and four of them are partially 
ferritic. Five of the alloys contain special addition agents and one of 
them had part of the nickel replaced by an increased amount of 
manganese. 

Of the partially ferritic alloys, only AX1 permits the calculation 
of the ratio factor from the data previously developed. In the case 
of alloy AN2, containing 0.96 per cent molybdenum, work on the 
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Table XXI 
The Chemical Composition of Alloys Tested in Creep 
Alloy = Chemical Composition—————————___ Additional 
No. Carbon Nitrogen Chromium ickel Silicon Manganese Elements Ratio Factor 
AD 0.41 0.119 25.48 12.57 0.92 0.68 1.51 Austenitic 
AE 0.44 0.023 25.18 11.96 1.04 1.05 1.52 Austenitic 
ASI 0.33 0.032 24.18 12.36 0.83 0.96 1.54 Austenitic 
AS2 0.33 0.087 24.57 12.48 0.84 0.97 1.54 Austenitic 
AS4 0.31 0.15 25.30 11.97 0.91 0.99 1.70 Austenitic 
AU2 0.30 0.086 22.95 12.66 0.87 0.78 1.43 Austenitic 
AX1 0.31 0.096 27.17 11.84 0.95 0.98 1.87 
Partially Ferritic 
AN2 0.37 0.049 24.94 10.20 0.80 0.59 Mo 0.96 _‘— Partially 
Ferritic™ 
A 0.38 0.073 23.84 11.98 0.85 1.04 Cb 0.96 . Austenitic 
AQ2 0.35 0.086 24.40 11.96 0.98 1.00 Cb 0.51 Austenitic 
ASS5 0.30 0.204 24.41 12.14 1.09 1.02 Zr 1.36; Partially 
Al 0.30 = Ferritic™ 
AS5-3 0.31 0.072 23.8 13.0 1.07 1.04 Zr 0.14; 
Al 0.11 Austenitic 
AT2 0.30 0.136 24.26 9.15 1.07 5.71 Partially 
Ferritic’ 
Cr + 4Mo — 16C 
‘®)Calculated ratio factor from ————————— = _ 2.24. 


Ni 
) Microstructure indicated less — than AX1. 
r—16 
‘Calculated ratio factor from 


microstructures and ferric inductions of molybdenum-containing 
alloys has indicated that the effect of molybdenum as a ferrite 
promoter is about one part of molybdenum is equivalent to four parts 
of chromium and that relation has been used in calculating a ratio 
factor for this alloy which gives a value of 2.24. 

No method has been developed for calculating a ratio factor for 
alloy AS5 but examination of the microstructure indicates that it 

contains a smaller amount of ferrite than alloy AX1. 

In the case of alloy AT2 the work has indicated that when the 
manganese is increased above about 1 per cent and replaces nickel 
in alloys of this type, the manganese has a potency of about one-third 
that of nickel and in the case of alloy AT2 the ratio factor has been 
calculated in that way to give a value of 1.81. 

These calculations, while they must be considered as somewhat 
tentative, seem to agree with microstructure both as to amount and 
presence of ferrite and/or amount and presence of sigma phase. 

Creep tests were made on specimens having a diameter of 0.505 
inch with a gage length between the shoulders of about 2.3 inches. 
In all tests the furnaces were calibrated to give a uniformity of 
temperature over the gage length of the specimen to meet the recom- 
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mendations of the Joint High Temperature Committee of A.S.T.M.* 
and the temperature of the specimen during the test period was main- 
tained well within the recommended range of temperature. Most of 
the specimens were broken in tension at room temperature after being 
subjected to creep tests, although a few specimens were broken in 
tension at the temperatures used in the creep tests. The microstruc- 
tures of the specimens after the creep tests were also determined. 

The results of the creep tests are summarized in Table XXII 
which shows the testing temperature, load, specimen number, ratio 
factor, duration of test, initial deformation, rate** of deformation at 
500, 1000 and 1500 hours, and total deformation. The last figure 
and the letter under “Alloy No.” indicate the number of the cast 
block and the specimen used, that is, whether the specimen was 
cut from the outside of the cast block (A and D) or from the middle 
of the block (B and C). See Fig. 2. 

The creep data may be used in various ways to study the effect 
of chemical composition and the resulting microstructures as related 
to load-carrying capacity. An interesting comparison is obtained from 
the minimum creep rates observed under a stress of 2000 pounds per 
square inch at 1800 degrees Fahr. (980 degrees Cent.) or these rates 
multiplied by 1000 as. was done in Table XXII. 

The data in Table XXIII show the values for the nine wholly 
austenitic alloys and for the four alloys which are partly ferritic. 
In the case of the austenitic alloys the amount of creep varies from 
0.010 to 0.045 per cent, giving an average for the nine alloys of 
0.023 per cent. These values would apparently be accepted as safe 
stresses for most engineering applications with only a relatively small 
factor of safety. 

On the other hand, the partially ferritic alloys show creep values 
on the same basis of 0.10 to 0.67 per cent or an average of slightly 
over 0.30 per cent. Stated another way, the four partially ferritic 
alloys showed creep rates under these conditions somewhat over ten 
times the average value for the nine austenitic alloys. 

It will be noted that alloy AN2, containing about 1 per cent 
molybdenum, showed the highest creep rate, 0.67 per cent. This alloy 
also had the highest calculated ratio factor of any of the alloys tested. 

It should be pointed out that at 1800 degrees Fahr. (980 degrees 
Cent.) these alloys with high ratio factors contained ferrite, whereas 

*A.S.T.M. Designation: E22-38T. A.S.T.M. Standards, 1939, Part 1, pages 1261-1264. 


**In order to eliminate ciphers, the rates per hour have been multiplied by 1000 in 
Table XXII. 
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Table XXIII 


Comparison of Creep Rates of Wholly Austenitic and Partially Ferritic Alloys at 1800 
Degrees Fahr. Under a Load of 2000 Pounds Per Square Inch 


Min. Creep Rate 
Per Cent Per Hour 

Microstructure 1000 

Austenitic 

Austenitic 

Austenitic 

Austenitic 

Austenitic 

Austenitic 

Austenitic 

Austenitic 

Austenitic 

Partially ferritic 

Partially ferritic 

Partially ferritic 

Partially ferritic 











Table XXIV 


Comparison of Creep Rates of Wholly Austenitic and Partially Ferritic Alloys at 1600 
Degrees Fahr. Under a Load of 4000 Pounds Per Square Inch 





Min. Creep Rate 
Per Cent Per Hour 
Microstructure xX 1000 
Austenitic 
Austenitic 
Austenitic (5000 psi.) 
Partially ferritic 














Fahr. (Black areas and white areas surrounded by black.) The 
microstructure of this same alloy, after testing in creep at 1600 
degrees Fahr. (870 degrees Cent.), is shown in Fig. 28, and shows 
the presence of the sigma phase rather than ferrite. 

The presence of, ferrite in alloy AN2 (0.96 per cent molyb- 
denum) after testing in creep at 1800 degrees:Fahr. is shown in 
Fig. 29. Alloy AN2, when tested at lower temperatures, showed 
the presence of the sigma phase in place of the ferrite. 

Only limited data are available for comparing the creep rates of 
austenitic and partially ferritic alloys at 1600 degrees Fahr. The 
data in Table XXIV show the values for two austenitic alloys, AD 
and AE, and one partially ferritic alloy, AX1. It will be seen that 
the creep rate for the partially ferritic alloy is at least 25 times that 
of the wholly austenitic alloy. Alloy AS2, which is austenitic, when 
tested at a 25 per cent higher stress, showed a creep rate of only 1 per 
cent as compared with 12.5 per cent for/the ferritic alloy at the lower 
load. These data seem to indicate thatthe creep rate of the partially 
ferritic alloys is just as bad when they are tested at a temperature 
where the sigma phase is present as where the ferrite is present. 
Furthermore, the development of the sigma phase causes much more 
embrittlement than the presence of the ferritic structure. 
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Fig. 27—Microstructure of Alloy AX1 After Tested in Creep at 1800 Degrees Fahr. 
for 740 Hours. Ratio Factor 1.87. Note Ferrite Areas. X 500. 


Fig. 28—Microstructure of Alloy AX1 After Tested in Creep at 1600 Degrees Fahr. 
tor 730 Hours. Ratio Factor 1.87. Note Sigma Areas. x 500. 


Fig. 29—Microstructure of Alloy AN2 After Tested in Creep at 1800 Degrees Fahr. 


for 742 Hours. Note Ferrite Areas. x 500. 
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The behavior in creep of the two alloys to which columbium 
was added is of special interest. Alloy AQ contained 0.38 per cent 
carbon and 0.96 per cent columbium while AQ2 had 0.35 per cent 
carbon and 0.51 per cent columbium (See Table XXI). Under 
a stress of 2000 pounds per square inch at 1800 degrees Fahr. (980 
degrees Cent.) these alloys showed a minimum, calculated rate of 
deformation corresponding to only 0.010 per cent per 1000 hours. 
Alloy AQ showed only 0.024 per cent total deformation in 505 
hours. The lower columbium alloy showed about double the amount 
of total deformation. Under a stress of 2500 pounds per square 
inch at 1800 degrees Fahr. (980 degrees Cent.) AQ2 showed a 
minimum calculated creep rate of 0.010 per cent per 1000 hours. 
These alloys showed ductility values in the aged conditions greater 
than those calculated for wholly austenitic alloys of their carbon and 
nitrogen contents, as shown in Fig. 8. Columbium seems to modify 
the microstructure, especially the form and distribution of the car- 
bides, and it is postulated that columbium fixes some of the carbon. 

The differences in the creep behavior of HH type alloys of such 
composition that they have a high ratio factor, such as AX1 with a 
value of 1.87, and a low ratio factor, such as alloy AS2 with a value 
of 1.54, can be shown quite clearly by comparing their creep curves 
at given temperatures and loads. Fig. 30 shows the creep curves for 
alloy AS2 at 1400, 1600 and 1800 degrees Fahr. while Fig. 31 shows 
the creep curves for alloy AX1. 

At 1800 degrees Fahr. alloy AS2 under a load of 2000 pounds 
per square inch showed a final creep rate of 0.000025 per cent per 
hour while alloy AX1 under the same conditions showed a rate of 
0.00031 per cent, or over ten times as great and as the curve shows 
was in the third stage of creep in 700 hours. At a stress of 2500 
pounds per square inch alloy AS2 showed a final creep rate of only 
0.0002 per cent per hour. At 1600 degrees Fahr. direct comparisons 
cannot be made because tests were not made at the same loads. How- 
ever, alloy AS2 under a load of 5000 pounds per square inch at 1600 
degrees Fahr. showed a final creep rate in over 1000 hours of 0.0001 
per cent per hour while alloy AX1 under a load of only 4000 pounds 
per square inch developed a creep rate of 0.00125 per cent per hour 
in less than 800 hours and definitely was going to fail soon. Thus 
with a 25 per cent higher load on the wholly austenitic alloy (AS2) 
the creep of the partially ferritic alloy (AX1) was more than twelve 
times greater. (See Table XXII for other examples. ) 




















Fig. 30—Time- een Curves for Alloy AS2 Wholly Austenitic with a 
Ratio Mhaater of 1.54. 


EFFECT OF CARBON CONTENT ON CREEP BEHAVIOR OF 
AvusTENITIC HH Type ALLoys 


Alloys AD, AE, AS1, AS2, AS4, and AU2 are of composition 
such that they are substantially austenitic (see Table XXI). The sum- 
marized creep test data for these six alloys are given in Table XXII. 

Heats AD and AE differ from the other four heats in that 
their carbon contents of 0.41 and 0.44 per cent are higher than the 
values of 0.30 to 0.33 for heats AS1, AS2, AS4, and AU2: The 
lower carbon content alloys are within the preferred range for HH 
type alloys and therefore they have higher retained ductility as de- 
termined by the short time tension test on aged alloys. 
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Fig. 31—Time-Deformation Curves for Alloy AX1 Partially Ferritic 
with a Ratio Factor of 1.87. 
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Fig. 32—Log-Log Plot of Stress versus Minimum — Rate. Wholly 
Austenitic HH Type Alloys. 
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The minimum creep rates developed in the tests on these six 
alloys, and which are given in Table XXII, are plotted on the log- 
log plot of stress versus minimum creep rate in Fig. 32. At the 
testing temperature of 1800 degrees Fahr. (980 degrees Cent.) the 
lower carbon content alloys AS1, AS2, AS4 and AU2 are stronger 
in creep than the higher carbon alloys AD and AE. 

While sufficient data have not been obtained in tests at 1600 
degrees Fahr. (870 degrees Cent.) to make a definite statement of - 
the relative creep strengths of the low- versus high-carbon alloys, 
it is indicated that the two materials are closely similar in creep 
resistance at this lower temperature. : 

In tests at 1400 degrees Fahr. (760 degrees Cent.), however, 
the higher carbon alloys AD and AE are indicated to be more 
resistant to creep than the lower carbon alloys. These relations 
suggest that an increased amount of carbon strengthens this type of 
alloy at the lower temperatures, but at higher temperatures there 
is an agglomeration of the carbides so that the increased keying or 
strengthening effect of the carbon is lost. 

While there are some variations in the nitrogen contents of these 
alloys and variations of the values for C + 2N no further cor- 
relations with creep behavior have been made. 

From the data which have been obtained in creep tests, it is 
indicated that balancing the alloy composition so as to insure a 
wholly austenitic structure is most important and that when sub- 
stantial amounts of either ferrite or sigma are present the alloy will 
have reduced load-carrying capacity at elevated temperatures, includ- 
ing the whole range of 1400 to 1800 degrees Fahr. 


Errect oF ADDITION AGENTS ON MECHANICAL PROPERTIES 
AND MICROSTRUCTURES OF HH Type ALLoys 


The base composition and the range in composition for this type 
of alloy have been indicated from the various tables in the paper. 
The ranges in carbon, nitrogen, chromium, and nickel have been 
shown. In general the silicon and manganese contents were held at 
approximately 1 per cent. The range of silicon content from 0.34 to 
1.8 per cent has been studied and manganese contents of about 5 
per cent with reduced nickel contents have been studied. Special 
alloying elements which have been introduced and studied included 
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molybdenum, columbium, aluminum, boron, titanium and zirconium. 
Of these variables all of the addition agents are ferrite promoters 
except manganese. A brief discussion regarding the effect of vari- 
ables other than those which have been discussed previously seems 
pertinent. | 

Silicon—The intended silicon content in these alloys was ap- 
proximately 1 per cent. Industry finds it desirable, especially in the 
case of acid lined furnaces, to use a higher silicon content such as 
1.5 to 2.0 per cent. There is also some thought that higher silicon 
contents improve castability. Alloy AW1 of 0.34 per cent silicon 
and alloys AW2 and AW3 with 1.78 per cent and 1.80 per cent 
silicon, respectively, have been studied to determine the effect of 
silicon. Examination of the microstructures of alloys AW2 and AW3 
after aging at 1600 degrees Fahr. showed considerable amounts of the 
sigma phase. The compositions (carbon, chromium and nickel) of 
these alloys would indicate that if they were of 1 per cent silicon 
they would be wholly austenitic. When they were aged 500 hours 
at 1600 degrees Fahr. alloys AW2 and AW3 showed elongation 
values of 5 and 7 per cent, respectively, while AW1 showed 14 
per cent and wholly austenitic alloys, with 1 per cent silicon, accord- 
ing to the nomographic chart shown in Fig. 8, should give about 
11 per cent. It is, therefore, indicated that silicon is a potent ferrite 
promoter and rather good correlations have been obtained when the 
silicon over 1 per cent is multiplied by three and added to the 
chromium in the equation for calculating the ratio factors. When this 
is done it is found that alloy AW2 has a calculated ratio factor of 1.8 
and AW3 of 1.73. The microstructures show more sigma in AW2 
than in AW3 after aging as would be indicated by the calculated 
ratio factors. See Figs. 33 and 34. Thus, it appears that increasing 
the silicon content in this type of alloy would tend to promote a 
ferritic structure which on heating at intermediate temperatures 
would form the sigma phase, that such alloys would be relatively 
low in creep resistance at such temperatures as 1600 and 1800 de- 
grees Fahr., and that they would be relatively brittle after being 
subjected to heat in the temperature range of 1400 to 1600 degrees 
Fahr. and tested at room temperature. These relations are limited 
to alloys which are thrown out of balance because of the silicon 
content and contain ferrite, however. 

Columbium—The effect of columbium has been studied in alloys 
AQ and AQ2 with columbium contents of 0.96 and 0.51 per cent. 
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respectively. The effect of columbium on the microstructure and the 
properties was discussed in some detail under the creep properties. 
Columbium is at least a ferrite promoter because of the fact that it 
combines with carbon; thus, decreasing the amount of carbon avail- 
able for combination with the chromium. It has been used in alloys 
of somewhat higher carbon content than those preferred for the best 
combination of strength and ductility and wholly austenitic structures 
have been obtained. 

Data are not available for calculating the chromium equivalent 
of columbium in promoting the ferritic structure. It is indicated, 
however, that when columbium is used in an alloy of fixed chromium 
and nickel contents the carbon will need to be increased somewhat 
in order to produce a wholly austenitic structure. 

Molybdenum—There is extensive use in industry of molybdenum 
in steels to improve the strength at elevated temperatures. For ex- 
ample, in plain carbon steels and in 4-6 per cent chromium steels. 
Molybdenum is also added to a number of the steels used for cor- 
rosion resistance, such as 18-8. 

There has been some industrial use of molybdenum in alloys of 
the HH type as heat resisting alloys. The molybdenum-bearing 
alloy which has received most attention in this study is AN2 with a 
molybdenum content of 0.96 per cent. However, the five molyb- 
denum-bearing alloys listed in Table XXV have all been studied to 
some extent. The data in Table XXV show in addition to the 
chemical compositions of these alloys their ratio factors as calcu- 
lated from their chromium, carbon and nickel contents and as 
calculated, making the assumption that molybdenum is four times 
as potent as chromium as a ferrite promoter. On the basis of chro- 
mium, carbon and nickel contents only one of these alloys (ANZ) 
has a ratio factor greater than 1.7. On the other hand, when the 
calculation is based on the assumption that molybdenum is equivalent 
to four times as much chromium only one of the alloys (AN4) has 
a ratio factor of less than 1.7. Magnetic and other tests showed this 
alloy (AN4) to be wholly austenitic. These alloys may be ex- 
amined more in detail by considering their microstructures, ferric 
induction, loss of ductility on aging and their behavior in creep to 
evaluate the effect of molybdenum and to test the calculated ratio 
factors based on the assumption that 1 Mo — 4 Cr. In fact, that 
relation was derived by just such considerations. 
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Fig. 33—Alloy AW2. Heated 500 Hours at 1600 Degrees Fahr. Shows Brittle 
Constituent. Ratio Factor 1.61 + Silicon. X 500. 

Fig. 34—Alloy AW3. Heated 500 Hours at 1600 Degrees Fahr. Less Brittle 
Constituent Than AW2. (Fig. 33). Ratio Factor 1.54 + Silicon. X 500. 

Fig. 35—Structure of Alloy AN. Heated 20 minutes at 1800 Degrees Fahr. and 
Quenched in Water. Shows Austenite and Areas of Ferrite and Sigma, the Time at 


1800 Degrees Fahr. Being Insufficient to Complete the Transformation of Sigma to 
Ferrite. X< 250. 
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Table XXV 
Chemical Compositions and Ratio Factors of Molybdenum-Containing Alloys 


Ratio Factor Ratio Factor 
16C C 





oo Composition Cr- r + 4 Mo — i6C 

Alloy Chro- Man- Molyb- 

No, Carbon Nitrogen mium Nickel Silicon ganese denum Ni Ni 

AN 0.25 .054 24.23 12.23 1.11 0.75 2.90 1.65 2.60 
AN2 0.37 .040 24.94 10.20 0.80 0.59 0.96 1.87 2.24 
AN3 0.34 033 24.15 12.86 0.76 0.64 1.00 1.46 1.77 
AN4 0.29 -087 23.66 12.84 1,03 1. 0.48 1.48 1.63 
ANS 0.33 -098 23.14 12.52 0.94 0.93 1.05 1.43 1.76 





Alloy AN may be compared with alloy AL (See Table III) 
which has a closely similar composition except for molybdenum and 
a ratio factor of 1.61. The following data show the elongation values 
for these two alloys in the “as cast” and “as aged” conditions. 


——Alloy AL——_,, m——Alloy AN———_, 

As Cast As Aged As Cast As Aged 
Elongation 20.5 13.0 16.0 2.0 
Per cent per 2 inches 22.0 14.0 4.0° 0.8* 


' *Inside specimen. In some compositions inside specimens (B and C) show markedly 
lower ductilities than outside specimens (A and D). There was little difference with 
alloy AL, however. 


The lower elongation of alloy AN as cast suggests some formation 
of the sigma phase in the as cast material and the very low elonga- 
tion of AN as aged shows that some reaction took place to cause 
very low ductility. 

Comparing the ductility of alloy AN with alloy AX4 (Ratio 
factor 2.02) the latter showed elongation values of 21 and 19 (Av. 
20) as cast and of 14 and 8 (Av. 11) as aged 48 hours at 1600 de- 
grees Fahr. These data seem to show that alloy AN behaves in aging 
like an alloy of higher ratio factor than 2.00 and makes the calcu- 
lated value of 2.60 seem reasonable. See Fig. 15 for the microstruc- 
ture of alloy AX4 in the aged condition which may be compared 
with the microstructure of alloy AN as quenched from 1800 degrees 
Fahr. (980 degrees Cent.) and shown in Fig. 35. While alloy AN 
shows both ferrite and sigma, comparison of the microstructures 
shows alloy AN is more ferritic than AX4 and AN2, shown in Figs. 
15 and 29, respectively. Heating 20 minutes at 1800 degrees Fahr. 
(980 degrees Cent.) only partly changed the sigma phase to ferrite 
in alloy AN, but in another test heating about 16 hours completed the 
change. 
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Alloy ANZ has been studied more than any of the other molyb- 
denum-bearing materials. It shows a ferric induction value in the as 
quenched from 1800 degrees Fahr. (980 degrees Cent.) condition of 
868 which is slightly higher than alloy AX4 which had a ratio factor 
of 2.02. Its microstructure (Fig. 29) shows considerable ferrite as 
cooled from 1800 degrees Fahr. (980 degrees Cent.) again indicating 
that it is more ferritic than AX4 as would be required by the cal- 
culated value with 1 Mo = 4 Cr. The creep rate for alloy AN2 at 
1800 degrees Fahr. was the highest of any of the partially ferritic 
alloys tested and alloy AX1 with about one-third the creep rate of 
ANZ had a ratio factor of 1.87. Aging alloy AN2 for 48 hours at 
1600 degrees Fahr. (870 degrees Cent.) reduced the elongation as 
cast (18.5 per cent) to 8 and aging for 500 hours further reduced this 
value to 4.5 per cent. However, aging 24 hours at 1400 degrees Fahr. 
(760 degrees Cent.) reduced the elongation only to 10 per cent. This 
shows the slower rate of the formation of the sigma phase at the 
lower temperature of 1400 degrees Fahr. (760 degrees Cent.). 

Alloy AN3 has a ratio factor of 1.46 when molybdenum is not 
considered and of only 1.77 when 1 Mo = 4 Cr is used. This alloy 
as cast is detectably magnetic as tested with a hand magnet which 
definitely puts it in the partially ferritic class. Its elongation was 
reduced from 19 per cent as cast to 7 per cent on aging 48 hours at 
1600 degrees Fahr. and further to 4.0 per cent after 500 hours. 
Aging 24 hours at 1400 degrees Fahr. reduced the elongation to 7 
per cent, suggesting that with this only slightly ferritic alloy the loss 
in ductility results principally from the precipitation phenomenon. 

Alloy AN5 should be austenitic on the basis of chromium, car- 
bon and nickel content (R. F. 1.43), but considering 1 Mo = 4 Cr 
a ratio factor of 1.76 is obtained. When a specimen of AN5 was 
quenched in water after heating 20 minutes at 1800 degrees Fahr., 
tests with a hand magnet did not detect any attraction. The more 
delicate magnetic test gave a value of 49 which indicates very little 
ferrite, if any.* Alloy AN5 contained 0.087 per cent nitrogen as 
compared with only 0.033 per cent nitrogen in alloy AN3 (slightly 
magnetic) and there are indications that increased amounts of nitro- 
gen tend to shift the alloy structure to the austenitic field. 

Thus, the principal observed effect of molybdenum in the HH 
type alloys is that of a ferrite promoter and as such it may decrease 





*Microscopic examination of an aged specimen of alloy ANS showed some sigma. 
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the ductility and lower the load-carrying capacity. Insufficient data 
are available at this time to justify statements regarding the effect 
of molybdenum in wholly austenitic alloys. 

Aluminum—Aluminum has been used alone in some alloys and 
in combination with zirconium in others. It is indicated that aluminum 
is a relatively potent ferrite promoter but insufficient data are avail- 
able to estimate its chromium equivalent. 

Zirconium—Zirconium has been found to form nitrides in alloys 
of this type and it seems possible to use zirconium in alloys which 
would contain a very high amount of nitrogen to form stable 
nitrides, just as columbium has been used to form stable carbides. 
In addition, zirconium is indicated to be a ferrite promoter but, as 
in the case of aluminum, insufficient data are available to estimate 
its chromium equivalent. 

Titanium—A very limited amount of work has been done on the 
effect of titanium in alloys of this type. It is considered to form 
stable carbides and nitrides and is also indicated to be a ferrite 
promoter. 

Manganese—In most of the alloys manganese has been kept at 
about 1 per cent. However, in some alloys such as AT2 a substantial 
amount of the nickel was replaced by manganese. On the basis of a 
normal manganese content of 1 per cent the extra manganese in this 
alloy would be 3.74 per cent which, if the manganese were the equiva- 
lent of nickel, should result in an austenitic structure, whereas the 
structure was partly ferritic. It is estimated from somewhat limited 
data that for this type of alloy the manganese above 1 per cent is 
equivalent to about one-third of that amount of nickel. 

Nitrogen—In alloys of the HH type nitrogen is a strengthening 
element and is equivalent to two or more times as much carbon both 
in aged alloys at room temperature and in alloys at elevated tem- 
peratures. Nitrogen reduces the ductility of these alloys, being about 
one-half as harmful as carbon in aged specimens when tested at room 
temperature, but at least twice as harmful as carbon at high tem- 
peratures. Alloys of the HH type show rather good ductility at 
high temperatures even with up to 0.15 per cent nitrogen so that the 
greater effect of nitrogen in reducing the ductility at high tempera- 
tures does not appear to be serious. Nitrogen is probably an austen- 
ite promoter but not enough work has been done on borderline alloys 
to estimate the effect of nitrogen as an austenite promoter. 
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Nickel and Chromium—When the nickel and chromium ranges 
in the HH type alloys are fixed at 10 to 13 per cent and 23 to 27 
per cent, respectively, it is tentatively concluded that variations in 
these two elements have little effect on the mechanical properties of 
wholly austenitic alloys. Such variations, especially in the higher 
chromium range, are likely to cause the alloys to be partially ferritic 
and for that reason inferior. No comments are being made at this 
time on the effects of nickel and chromium variations on corrosion 
behavior. 


SUMMARY 





























About fifty alloys of the general HH type have been studied. 
Principal attention has been given to the relations of chemical com- 
position to the mechanical properties and microstructures of speci- 
mens as cast and as aged and then tested at room temperatures and 
to the properties at elevated temperatures as determined by short- 
time tension tests and by creep tests. Information has been obtained 
regarding the functional effects of the major elements and some of 
the elements which are classed as addition agents. 

It is concluded that in alloys of the HH type with chromium 23 
to 27 per cent and nickel 10 to 13 per cent, the ratio of Cr-16 C 

Ni 
should not exceed about 1.7 if the alloy is to be substantially aus- 
tenitic and as this ratio increases the alloys become more ferritic. 
Keeping the ratio factor under 1.7 results in a balanced alloy with ref- 
erence to ferrite and austenite promoters. A ternary diagram to show 
the phases present in iron-carbon-nickel-carbon alloys in the HH type 
range has been drawn and a nomographic chart to show variations 
of carbon, chromium and nickel, to be used for wholly austenitic 
alloys, has been presented. 

The effects of carbon, nitrogen and of carbon plus nitrogen on 7 
the strength and ductility of wholly austenitic alloys when aged and 
tested at room temperature and when tested at elevated temperatures 
in short-time tension tests have been developed and are shown in 
tables and charts. With aged specimens the elongations vary as a 
function of C+ N/2 and the yield strength as a function of C+ 2N. 
Thus the use of nitrogen to increase the yield strength is preferable 
to that of carbon because nitrogen is twice as effective in increasing 
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the yield strength and only one-half as damaging in decreasing the 
ductility. 

At elevated temperatures the strength is a function of C + 2N 
just as in the tests at room temperature, but the elongation is a 
function of C + 2.5 N. This shows that increasing the strength 
at elevated temperatures by the use of nitrogen is at the expense of 
the elongation. However, this type of alloy seems to have adequate 
ductility at 1800 degrees Fahr. and fair ductility at 1600 and 1400 
degrees Fahr. It is suggested that the best nitrogen content to use 
is about 0.08 to 0.10 per cent and that using above 0.15 in addition 
to lowering the ductility at intermediate temperatures (1400 to 1600 
degrees Fahr.) may cause unsoundness of the castings in some cases. 

Alloys which are wholly austenitic, or at least substantially so, 
show better retained ductility after heating to high or intermediate 
temperatures (aging) than partially ferritic alloys and the retained 
ductility decreases as the amount of sigma in the alloy increases. 
High-chromium ferrite transforms to the brittle or sigma phase at 
intermediate temperatures (1200 to 1600 degrees Fahr.) which 
constituent is both weak and brittle. At 1800 degrees Fahr. ferrite 
is the stable phase and it is of low strength but not brittle. 

On aging type HH alloys show loss in ductility because of two 
phenomena (1) precipitation of carbides and (2) transformation of 
ferrite to sigma. In the case of wholly austenitic alloys only one of 
these is involved, that is, precipitation, while in partially ferritic 
alloys both are involved and how damaging the transformation 
phenomenon will be depends upon the amount and distribution of the 
sigma phase. 

The presence of ferrite or sigma in these alloys can be detected 
by microscopic examination and if the alloy is heated to high 
enough temperature and for long enough time to change sigma to 
ferrite the latter can be detected and the amount approximated by 
magnetic methods. If there is a substantial amount of ferrite it can 
be detected with a good hand magnet. 

The most important results from using alloys of balanced com- 
position are better retained ductility after heating to high and inter- 
mediate temperatures and better strength, especially in creep, at 
elevated temperatures. 
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DISCUSSION 


Written Discussion: By Howard S. Avery, research metallurgist, 
American Brake Shoe and Foundry Co., Mahwah, N. J. 

The extreme sensitivity to chemical composition of the alloys reported in 
this paper has been observed many times during creep testing in the metal- 
lurgical laboratory of the American Brake Shoe and Foundry Company. The 
trend toward lower creep strength and enhanced ductility at 1800 degrees 
Fahr. (980 degrees Cent.) as the amount of ferrite increases has also been 
confirmed. This relationship between ferrite and strength makes magnetic 
analysis a practical tool which is currently being considered as a valuable 
acceptance test. 


Comparison of Carbon and Nitrogen in 26.3 Per Cent Chromium: 11.3 
Per Cent Nickel Alloys 













Test to Fracture 















Chemical Analysis L.CS.* 1400° F.—20000 p.s.i. 
———————-Per Cent ————_. 1800° F. Life Min. Rate Elong. 
No. ¢ Mn Si Ni Cr N p.s.i. Hrs. %/Hr. Jo 2” R. F. 
1 0.31 0.42 0.42 11.4 26.5 0.07 1150 2.6 | 20.0 1.89 
2 0.42 0.45 0.45 11.3, 26.1 0.06 2200 10.3 0.65 9.5 1.71 
3 0.32 0.54 0.54 11.4. 26.1 0.13 2100 8.3 0.71 8.5 1.84 
-~—Creep Characteristics at 1800° F.—, 
in. Total Room Temperature 
Load Duration Rate Elong. Permeability after 
No. C% N% p.s.i. Hours %/Hr. % Creep Test (H = 24) 
1 0.31 0.07 1000 1342 0.000043 0.08 1.81 
2 0.42 0.06 2000 1244 0.000047 0.10 1.20 
3 0.32 0.13 2000 1095 0.00006 0.11 1.15 








. *Limiting Creep Stress for 0.0001 per cent elongation per hour (1 per cent in 10000 
ours). 





The marked embrittlement from sigma development at 1600 and 1400 
degrees Fahr. (870 and 760 degrees Cent.) has also been confirmed, and be- 
cause of their attendant low strength, the low carbon alloys such as composi- 
tion AJ (0.07 per cent carbon, R.F. = 1.86) have been found almost worthless 
for severe commercial service. However, the presence of small amounts of 
sigma may not be serious since 0.31 per cent carbon alloys like AX1 (R.F. 
= 1.87) are quite useful if design stresses are suitable. Theit high ductility 


+39 Broadway, es York City, E. A. Schoefer. Executive Secretary, W. H. Worri- 
low, President, and F. B. Foley, Chidemen of Technical Committee. When the Alloy Cast- 
ing Research ‘Institute, Inc., started the work in 1937, J. D. Corfield was Chairman of 
Board of Directors, and Earnshaw Cook, Chairman of Technical Committee. 
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at 1800 degrees Fahr. (980 degrees Cent.) is an advantage if thermal stresses 
are involved. 

Nitrogen is so potent as an austenite stabilizer that its omission from the 
ratio factor restricts that formula to a particular experimental level (about 
0.07 to 0.09 per cent nitrogen). Heats AA (0.037 per cent nitrogen) and AN3 
(0.033 per cent nitrogen) are examples of ferrite development in the presence 
of low nitrogen when other factors indicate that only austenite and carbides 
should result. The effect of nitrogen, compared with carbon, in controlling 
creep strength, ductility, and ferrite development may be seen in the Table on 
page 919. From these data it appears that a difference of 0.07 per cent nitro- 
gen is approximately equivalent to that of 0.10 per cent carbon in this specific 
composition range. 

It has been suggested that nitrogen above 0.15 per cent is associated with 
porosity of the test castings. It should be noted that the test block upon 
which this conclusion was based is not inherently free from microscopic voids, 
since it was designed to simulate commercial castings. As other factors, such 
as pouring temperature, affect the density of such slightly porous specimens, 
the conclusion that nitrogen is responsible for this defect is not justified. Ex- 
perimental heats containing nitrogen at or above 0.20 per cent have been regu- 





Cross Section of Creep Test Bar Containing 0.40 Per 
Cent Nitrogen. Lightly Etched with Hot Alkaline Potas- 
sium Ferricyanide. Note the Absence of Porosity. xX 4. 


larly produced, and alloys of this type with as much as 0.40 per cent nitrogen 
have been made without unsoundness due to shrinkage or gas. A _ polished 
cross section of a cast creep test specimen containing 0.40 per cent nitrogen 
is shown in the accompanying photomicrograph to demonstrate that high nitro- 
gen content is not necessarily incompatible with sound steel. 
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Written Discussion: By R. D. Van Nordstrand, engineer, Industrial Heat- 
ing and Welding Dept., General Electric Co., Schenectady, N. Y. 

The authors are to be commended for their aggressive and progressive 
method of attacking this difficult and broad subject. The Alloy Casting Insti- 
tute should also be complimented by industry as a whole for the very co-opera- 
tive spirit shown im not only attacking the problem but for disseminating 
information as it becomes available. 

The production chart on alloy castings shown on page 856 is very enlight- 
ening and shows that our old standby, 35 per cent nickel-15 per cent chromium, 
has lost its predominating place since 1935. This treatise on the subject of the 25 
per cent chromium-12 per cent nickel is very opportune at the moment because 
of the necessity for conserving nickel where it can be done without in any way 
affecting product quality. This report indicates that we should be primarily in- 
tetested in obtaining austenitic alloys in order to obtain the highest quality of 
product. 

Experience and experience alone will indicate just how strongly we should 
insist on obtaining alloys which will retain their austenitic structure after cor- 
rect heat treatment. Should this feature prove reliable, it will give the user 
of alloys an excellent yardstick for determining the correctness of the analysis 
for best results. It is entirely possible, however, that the analysis must be 
held to too close limits to be practical from the foundry standpoint. We note 
that the carbon content, to give best-results, is about normal but the nitrogen 
content of the alloys must be held within close limits for best results. 

We realize that this report does not cover the 35 per cent nickel-15 per cent 
chromium material but carrying the nomographic chart, Fig. 17, to this analy- 
sis, we would require a negative carbon content-in order to obtain an alloy of 
proper properties. We are looking forward to a discussion of any work which 
has been done on the 35. per cent nickel-15 per cent chromium material. 

Turning now to the aging table, No. XVIII, we can possibly understand 
why the Type HH alloy has received a bad reputation in some applications. 
For instance, alloy AX4 shows an elongation of 11 per cent after 48 hours at 
1600 degrees Fahr. (870 degrees Cent.), but at the end of 500 hours the elonga- 
tion had dropped to 3 per cent. This particular analysis is a little low in nickel 
and a little high in chromium, which throws the ratio factor to.over 2. On 
the other hand, alloy No. AX1, with a ratio factor of 1.87, would be accepted 
by practically any of us as a good alloy; however, after 500 hours at 1600 
degrees Fahr. (870 degrees Cent.) the elongation is only 5 per cent. 

Under the heading “Creep Behavior of HH Type Alloys” we cannot agree 
entirely with the authors that creep is the most desirable characteristic unless 
high creep strength means more than just this. Designers can usually design 
for ample strength and quite often casting practice requires heavier sections 
than does the design. The designer can, however, do nothing about it if the 
characteristics of the casting are such that they will not withstand the thermal 
shock, cyclic heating, or mechanical shock. You may call it residual ductility 
or high creep strength, if you like, but to our minds this is the most important 
factor and we believe it is the one in which most furnace builders and furnace 
users are interested. We realize, of course, that these properties may go hand 
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in hand and the work presented here indicates this to be true—a happy coinci- 
dence indeed. 

We consider this a very valuable paper and know that the work will be 
continued on not only the 25 per cent chromium-12 per cent nickel analysis 
but the old standby of electric furnace manufacturers—35 per cent nickel-15 per 
cent chromium. 

Written Discussion: By G. R. Brophy, research laboratory, The Inter- 
national Nickel Co., Inc., Bayonne, New Jersey. 

Throughout the paper by Messrs. Gow and Harder, the sender is impressed 
with the importance of nitrogen as an austenite stabilizer. One is led to inquire, 
therefore, whether it is possible to control this element to the nicety required 
for balancing compositions, since nitrogen is introduced during commercial 
melting practice, evidently whether it is desired or not, to an extent indicated 
in Table I to vary from 0.04 to 0.17 per cent. The very potency of the element 
(twice that of carbon) would seem a deterrent to its utilization as a substitute 
for carbon or nickel in border-line alloys. 

Furthermore, it is questionabie that the carbon equivalence remains con- 
stant at 2 over a very wide range of nickel and chromium contents. A close 
study of the published austenite-ferrite phase boundaries leads to the conclu- 
sion that the influence of carbon decreases with nickel and chromium contents 
to the extent that in the neighborhood of the 18-8 alloys carbon exerts almost 
a negligible influence. Does the nitrogen influence decrease similarly as implied 
by the authors; does it remain unchanged; or become more effective? Uhlig’s 
study, presented at this session, eliminates the first possibility and demonstrates 
that the chromium-nitrogen equivalence does not remain constant over a very 
wide range of compositions. 

The authors have given the chromium-carbon ratio to form Cr.C as 16 
while calculation admits only of 17.4—rather an important difference when deal- 
ing with border-line alloys. Is this ratio of 16 an attempt to compensate empiri- 
cally for the decreasing carbon effect and the resulting change in the carbon- 
nitrogen equivalence? 

The ferrite-austenite boundary shown in Fig. 11 is placed supposedly for 
carbonless alloys since on the chromium scale the carbon was intended to be 
eliminated by calculation. It is believed that the boundary so located has too 
great a slope so that its low alloy end lies at higher nickel and lower chro- 
mium than necessary. By direct experiments in which the required amounts of 
carbon for stabilization were determined over a wide range of nickel and chro- 
mium contents and by which the variable carbon effect was determined, the 
carbonless alloy boundary was calculated by the writer to pass through 21 per 
cent chromium, 10 per cent nickel and 22.5 per cent chromium, 15 per cent 
nickel in practically a straight line over this narrow range. The variable influ- 
ence of increasing carbon approximately rotates the boundary to higher chro- 
mium and lower nickel. 

These same studies also throw doubt on the existence of the sigma phase 
at temperatures much above 1600 degrees Fahr. (870 degrees Cent.). For 
instance, in an alloy of 10.17 per cent nickel, 27.1 per cent chromium (19 + 17.4 
X C), 12 per cent silicon, 0.43 per cent carbon, sigma did not appear on 
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extremely slow cooling (96 hours from 2000 to 1400 degrees Fahr.) (1095 to 
760 degrees Cent.) until a temperature well below 1600 degrees Fahr. (870 
degrees Cent.) was reached. In passing, it might be stated that Murakami’s 
reagent is a much better etchant for the positive identification of alpha and 
sigma phases than the hydrochloric nitric reagent used by the authors. 

The chromium equivalent of silicon given by the authors as 3 appears 
too high in view of the results obtained by the writer, who found that a change 
of silicon from 1.2 to 1.7 per cent in 0.40 per cent carbon alloys shifted the 
ferrite boundary to 1 per cent lower chromium or 2 per cent higher nickel 
content. This would indicate a chromium equivalent of 2 and a negative nickel 
equivalent of 4. 

The substitution of manganese for nickel, as the authors point out, may 
develop two phases in the alloys in this composition range. This is particularly 
so since the equivalence of manganese varies with the chromium. Fortunately, 
the variation is fairly well predictable from existing data. If the accepted dia- 
grams of the iron-chromium-nickel’ and the iron-chromium-manganese’ systems 
be superimposed, the changing equivalence with variation of chromium content 
may be estimated readily. By plotting the equivalence against the chromium 
content a linear relationship is found which shows manganese to become con- 
tinuously less effective as the chromium increases from 5 per cent. The equiva- 
lence is 1.8 manganese = 1 nickel at 5 per cent chromium, 1 at about 11.5 
per cent chromium and about ™% at 15 per cent chromium. Substitution, 
then, in alloys containing more than about 11 or 12 per cent chromium becomes 
more and more dangerous. 

Written Discussion: By Roger Stuart Brown, vice president, The Caloriz- 
ing Co., Pittsburgh. 

This investigation by Mr. Gow and Dr. Harder is an interesting contri- 
bution to the art, and it is interesting to find agreement on almost all points 
with an investigation of 57 alloys in the same chromium-nickel range under- 
taken by Dr. C. L. Clark from 1932-1937 at the University of Michigan spon- 
sored by The Calorizing Company. I list the points of agreement: 

1. Difference of great magnitude in Creep Strength and Residual Ductil- 
ity, ic., “Ductility after Aging”, as expressed by the authors. Com- 
mercially this shows the folly of specifications covering only chromium 
and nickel contents. Aside from resistance to corrosion of oxidizing 
and sulphur gases, these two physical properties are commerially all- 
important. Creep strength is the measure of the usefulness of the alloy 
to carry load at high temperature. In the alloys investigated by the 
authors creep rate varied 50 to 1. Freedom from cracking in service, 
particularly under stresses from temperature differences, is indicated by 
ductility after aging. 

2. Nitrogen increases creep strength—at expense of residual ductility. Dr. 
Clark and the writer found 0.10 per cent nitrogen the optimum in 1937. 

3. Carbon increases creep strength—at expense of ductility. Even before 





1Bain and Griffiths, American Institute of Mining and Metallurgical Engineers, Vol. 
75, p. 195. 


_ *Burgess and Forgong, American Institute of Mining and Metallurgical Engineers, 
Vol. 131, p. 282. 
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advent of creep tests this was experimentally determined by the late 
Victor Hybinette as early as 1924. 

4. The importance of conducting ductility tests cold after aging at 1400 
to 1800 degrees Fahr. (760 to 980 degrees Cent.), preferably 1400 de- 
grees Fahr. for austenitic alloys. 

5. Silicon above 1 per cent tends to reduction in residual ductility. 

We are unable to agree, however, with the conclusions of the authors as 
to the deleterious effect of molybdenum. The writer thinks that their choice 
of the nitrogen content of the 1 per cent molybdenum alloy tested was decid- 
edly unwise. Having themselves determined that 0.10 per cent nitrogen was 
an optimum desirable value for a combination of properties it is too bad they 
chose a 0.04 per cent nitrogen alloy. Possibly this was because it- was made 
commercially in 1936 and 1937, but since then with higher nitrogen. At all 
events Dr. Clark tested in 1939 an alloy of the following composition: 


Cr Ni G Si Mn N Mo 
26.14% 10.91% 0.30% 0.75% 0.82% 0.095% 1.0% 


At 1800 degrees Fahr. under 2000-pound load this alloy shows 0.10 per 
cent creep per 1000 hours at 1000 hours BUT this alloy in 200 two-ton commer- 
cial heats averaged 16 per cent, tested cold, after 24 hours at 1400 degrees Fahr. 

One point the authors do not touch upon which seems important. For the 
same chemical composition there is some difference in creep strength and more 
in ductility after aging, according to the melting practice of the particular 
manufacturer. In fact, there is enough difference even from the same manufac- 
turer so that leading furnace builders in the oil refinery trade demand a test 
of ductility after aging on each heat and rightly so. Why is this difference? 
I hazard a prophecy it is due to variation in amount of isotopes of carbon and 
nitrogen formed and which we are unable to identify. 

As to longer time aging tests: In some tests in 1937, conducted both at 
Battelle Institute and at University of Michigan, both laboratories found that on 
an alloy similar to AN2 in Table XXV (where it is given as 0.04 per cent 
nitrogen) there was some further loss after 24 hours to 500 hours at 1400 
degrees Fahr. (760 degree Cent.) and a slight gain in ductility after 500 hours 
at 1800 degrees Fahr. (980 degrees Cent.), compared to 24 hours at 1800 
degrees Fahr. However, we found many chromium-nickel alloys which lost 
a great deal of ductility at 1800 degrees Fahr. at 1000 hours compared to 24 
hours. While the 24-hour aging test for ductility can be taken as a fair heat 
by heat indication of this quality, a composition and make of alloy should not 
be chosen until evidence is presented that there is no further reduction at both 
1400 and 1800 degrees Fahr. (760 and 980 degrees Cent.) under 1000 hours of 
heating, on a number of representative heats throughout carbon and nitrogen 
range. In view of this the ductilities after aging, as given in Table, XVIII, 
all seem very low for commercial use and I do not find in this table the resid- 
ual ductility for the high creep strength alloys. 

The ratio formula for austenite omits reference to nitrogen. As~ shown 
in Dr. Uhlig’s paper at this session low carbon 18-8, melted in vacuum and 
with therefore negligible nitrogen, is not austenitic. It becomes austenitic upon 
absorption of nitrogen at 1800 degrees Fahr. in air. The authors mention this 
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austenite-forming characteristic of nitrogen in comparing 1 per cent molyb- 
denum alloys of 0.033 and 0.087 nitrogen on page 915 but have not incorporated 
it in their formula. 

Neither is the writer convinced that the ferrite-forming effect of molyb- 
denum is 4 X per ¢ent molybdenum. 

In most commercial castings the stress is usually horizontal as the cast- 
ing lies in the mold. The speaker therefore favors testing bars cut horizontally 
from coupons as in Alloy Manufacturer’s Tentative Specification 10-38 rather 
than vertically as described in Fig. 2 of the author’s paper. 

Written Discussion: By B. J. Sayles, The Calorizing Co., Pittsburgh. 

At the head of page 915 the authors state that Alloy AN2 has been studied 
more than any of the other molybdenum-bearing materials which they tested. 
Using the empirical formula in which molybdenum is arbitrarily assumed to 
be four times as potent as chromium in producing an undesirable “ferritic 
condition”, the Alloy AN2 was found to possess the unfavorable “ratio” of 
2.24 and to contain objectionable quantities of brittle, sigma phase material 
which greatly reduced ductility after aging and presented “the lowest creep 
value of any alloy tested”. 























Battelle 
Alloy Casting Battelle Report 
Institute Paper June 3, 1937, to 


to A.S.M. M. W. Kellogg 

Oct. 20, 1941 Company ef 

Alloy ‘6A’? } a 

Analysis Alloy AN2 (Calite B-28) 5 
I ER A LT RR Sipe EN, ELIS MIE Hp 0.37 0.35 
I tT cee Sora a oe ee *23.98 
I i a de eee 10.20 10.13 
RS tree ATL eee ok eee Ba cote at gee ee lane 0.80 0.89 
NN 8 Loi os 5s Moma ady Se se PK ba chu a bieasas 0.59 0.51 
INE. i's sRGEs dee Baktnc 8a. wk ti A000s Seka Sas osu 0.96 **1.18 

CR + 4MO — 16C 

Ratio Factor ————— ME: Ce heee cabdlwiunes cons 2.24 2.28 





NI 
*Chromium reported by University of Michigan: 24.93; 24.70; 24.93; 25.01. 
**Only 1.10 per cent molybdenum charged in furnace. 








PHYSICAL PROPERTIES: 
(Elongation in 2”—Room Temp.) 
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Initial Deformation—Per Cent ...................3.-0-008- 0.023 0.016 
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It is, perhaps, not mere coincidence that Alloy AN2, a 25 per cent chro- 
mium-10 per cent nickel composition containing about 1.00 per cent molybde- 
num, is closely patterned after the teaching of U. S. Patent 2,143,090 under 
which The Calorizing Company exclusively manufactures Calite B-28. 

The authors do not mention that the tests conducted on Alloy AN2 mark 
their second experience with 25-10 alloys containing about 1.00 per cent molyb- 
denum. The first experience at Battelle Memorial Institute was at the insti- 
gation of M. W. Kellogg Company and Standard Oil Company (Indiana), the 
cost of the tests being defrayed by The Calorizing Company. The investigators 
were Howard C. Cross and J. G. Lowther, metallographic examination being 
conducted by J. T. Gow. The results are incorporated in Battelle Memorial 
Institute Report of June 3, 1937, to M. W. Kellogg Company. 

Since the authors do not present completely tabulated reports on their 
examination of Alloy AN2, I have taken such data as appear in the text and 
in a parallel column have placed the results of the earlier Battelle tests on an 
almost identical composition as given on page 925. 

In the earlier report, this particular molybdenum-bearing alloy was found 
to present a high degree of ductility after aging. Indeed, the results after 
480 hours at 1800 degrees Fahr. (calculated to give ample time for full devel- 
opment of the brittle sigma phase) are remarkable. 

Even more marked is the difference in high temperature creep value. In 
the earlier Battelle test the total deformation at the end of 1000 hours was 


University of Michigan, Department of Engineering Research 


This is to certify that we have tested the designated heats of Calite B-28, manufac- 
tured by The Calorizing Company, Pittsburgh, Pennsylvania, with the following results: 


A sis of Heats Tested 


eat 4904 Heat 4906 Heat 4896 
Per Cent Per Cent Per Cent 
Chromium 26.14 26.14 26.53 
Nickel 10.91 11.16 10.91 
Carbon 0.30 0.35 0.33 
Silicon 0.75 1.06 1.07 
Manganese 0.82 0.69 0.76 
Nitrogen 0.095 0.095 0.119 
Molybdenum 1.00 0.98 1.06 


Creep Tests : : 
Creep tests conducted on 0.505” round specimens in accordance with’ the Tentative 
A.S.T.M. Code for a period of 1000 hours gave the following creep rates: 


Creep Rate 
Heat Temperature Stress Per Cent Per 
Number Deg. Fahr. Lb. Per Sq. In. 10,000 Hrs. 
4904 1800 1800 0.5 
4906 1800 1800 0.6 
4896 1600 3100 0.8 
4896 1400 4100 0.8 
Room Temperature Tensile Tests (After Heating Specimens 24 Hrs.—i400 Degrees Fahr. 
and Cooling {a Furnace to 400 Degrees Fahr. 
Elongation 
Heat Tensile Strength Yield Strength Per Cent 
Number Lb./Sq.In. at 0.0060” Strain in 2 In. 
4904 93,600 40,300 23.5 
4906 89,500 42,800 13.5 
4896 98,500 54,550 18.5 
(Signed) C. L. CrLarx 
May 3, 1939 Research Engineer 
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only one-third the deformation noted on Alloy AN2 at the end of 742 hours. 


The rate of creep in the earlier test is less than one-fourth the creep rate now 
reported. 


ASIATIC PETROLEUM CORP., 
50 W. Fiftieth Street, | 
New York, N. Y. 


Certificate of Chemical and Physical Properties 
We certify that Chemical and Physical Properties of Calite B-28 Castings produced 
on your orders RB-7700-H-NY-54 and RB-7700-H-NY-31 are as follows: 


Room Temperature Physicals 
(After Heating 24 Hours, 
1400° F., Furnace Cooled) 


Yield Point 
————-Chemical Analy sis—_____, 


(Load 

Man- at 0.006”) Elong. 

Heat No. Chromium Nickel Carbon Silicon ganese Tensile Extension in 2” 
4817 25.31 10.79 0.33 0.57 0.63 96,700 Ib. 62,250Ib. 11.5 
4820 26.92 11.34 0.33 a4 13.5 
27.16 10.49 0.34 
26.53 10.91 0.33 
26.97 10.91 
26.68 11.09 
25.83 10.95 
24.84 10.28 
26.73 10.93 
26.14 10.91 
26.10 10.69 
26.14 11.16 
26.49 10.91 
26.16 10.53 
26.10 10.69 
26.12 10.83 
25.73 11.12 
25.90 10.91 
26.16 10.79 
25.55 11.12 
26.64 10.67 
25.64 11.38 
26.42 10.77 
26.10 10.95 
25.88 10.89 
25.88 10.48 
25.99 11.28 
26.79 11.32 
25.99 10.79 
25.88 10.85 
26.20 11.04 
10.85 

26.58 10.81 
26.05 10.75 
10.61 
26.38 10.75 
26.51 11.40 
10.81 
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93,750 
87,300 
87,500 
96,600 
94,750 39,900 
91,600 38,700 
92,750 38,900 
91,900 40,600 
90,600 39,900 
91,100 40,850 
94,900 40,500 
90,650 39,750 
89,350 41,450 


THE CALORIZING COMPANY 
H. ScuHuttz 
Chief Metallurgist 
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These two reports—diametrically opposed in their conclusions—obviously 
require reconciliation. 

I am sure the authors share the experience of the rest of us who have 
investigated high temperature physical properties of 25 per cent chromium- 
10 per cent nickel alloys in noting that slight variations in chemical analysis 
produce profound differences in physical properties and that slight variation in 
test procedure—notably in the high temperature creep test—profoundly influ- 
ences the final result. This being so, it follows that a limited number of tests 
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made on a single heat of any given 25-10 composition do not warrant too broad 
conclusions on the part of the investigator. They certainly do not lay a sure 
foundation for the suggested empirical formula based on chemical analysis. 

Concerning the commercial value of 25 per cent chromium-10 per cent 
nickel alloys containing about 1.00 per cent molybdenum, we have corrobora- 
tion of the earlier Battelle report on the desirable combination of residual 
ductility after aging and high creep value in the form of the accompanying 
certificate of May 3, 1939, by University of Michigan. (See Table, page 926.) 

Concerning the highly desirable quality of residual ductility after aging 
(whether lack of ductility be chargeable to the brittle sigma phase or other- 
wise) we have overwhelming testimony. About two thousand commercial size 
heats have been made by The Calorizing Company over the past five years and 
tested under the very rigid requirements of Grade “F” of Mariufacturer’s 
Specification 10-38. It is required. that Grade “F” material exhibit a minimwm 
of 9.0 per cent elongation on specimens previously heated 24 hours—1400 
degrees Fahr. The accompanying certificate covering 34 heats produced on a 
single order for a major refiner demonstrates that molybdenum-bearing 25-10 
alloy, when properly made, passes this severe test with ample margin. Page 927. 

The authors report about 50 alloys of the 25 per cent chromium-10 per 
cent nickel type tested in the scope of their investigation. Investigations of 
The Calorizing Company at University of Michigan covered a total of 57 com- 
positions. I do not believe if the data of both programs were combined that 
we have sufficient information on the subject to attempt anything so attrac- 
tively simple as the suggested empirical formula based on chemical analysis 
for judging the desirability and usefulness of 25 per cent chromium-10 per cent 
nickel alloys in service. If we were so justified, the earlier work at Battelle, 
corroborated at University of Michigan and confirmed in practice by tests and 
very satisfactory service of a huge tonnage of 25-10 alloy containing 1.00 per 
cent molybdenum, would seem to indicate that any alloy with a ratio less than 
2.24 should be viewed with suspicion. 


Authors’ Reply 


The authors of this paper appreciate the various discussions which have 
brought out important points and which have added new information. Before 
replying to specific discussions, it is desired to emphasize that some of the pro- 
posals in this paper must be considered as more or less tentative but as repre- 
senting our deductions from the information available. 


Cr-16C 
It is to be realized that the ratio factor =< = 1.7 is an empirical 


i 

equation defining in an approximate manner the boundary line of compositions, 
separating the wholly austenitic alloys which will have a ratio factor of less 
than 1.7 and the partially ferritic compositions which will havea ratio factor 
greater than 1.7 for temperatures up to 1800 degrees Fahr. (980 degrees Cent.). 
Actually the boundary line between austenitic and partially ferritic alloys does not 
remain fixed for all temperatures but is shifted moderately with temperature owing 
in part to some change in solubility of carbides and possibly of nitrides which ex- 


ert an austenitizing influence. The equation of the dividing line 


ates 7 
N 
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has so far proven to serve the practical application for which it was intended, 
that is, to serve as a means for formulating compositions of the HH-type alloy, 
which will be substantially wholly austenitic and hence of highest load-car- 
rying ability. The ratio factor is probably limited to alloys of approximately 
25 per cent chromium-12 per cent nickel and then there is not a sharp dividing 
line at the value of 1.7 because of slight variations in other elements. The 
chromium equivalents for ferrite formation proposed for molybdenum and sili- 
con may have to be revised on more extensive study and the same applies to the 
equivalents for manganese and nickel in promoting an austenitic structure. It 
has been realized and was pointed out in the paper that nitrogen has some effect 
on the ratio factor but insufficient data were available for satisfactory calcula- 
tions. 

It was not the intention of the authors to make any important generaliza- 
tions with reference to the commercial applications of these alloys in compari- 
son with other types, or to imply that only wholly austenitic alloys could be 
used in industry. It is realized that large tonnages of alloys of the HH type, 
which are more or less ferritic, have been in use in many industrial applica- 
tions with satisfactory results. The main purpose of the paper, however, was 
to bring out certain technical information with the hope that it would be of 
value to industry. 

Mr. Avery has contributed important information in his discussion regard- 
ing the effect of nitrogen. It is-of value to know from his discussion that by 
controlling such factors as pouring temperature and using the more advan- 
tageous form of casting than that used by the authors, sound castings having a 
nitrogen content up to 0.40 per cent have been produced. The data in his Table 
are also of value. 

His Alloy No. 1 has a calculated ratio factor of 1.89 and, therefore, is 
rather strongly ferritic and the weakness of this alloy at 1800 degrees Fahr. 
(980 degrees Cent.) is indicated by his limiting creep stress and minimum rate 
of creep under a load of only 1000 psi. 

His Alloy No. 2 has a ratio factor of 1.71 owing to increased carbon and 
therefore should be almost wholly austenitic. The increased strength of this 
alloy is indicated by his limiting creep stress at 1800 degrees Fahr. (980 degrees 
Cent.) and by the low minimum rate of creep at 2000 psi. 

It is of value to know the influence of nitrogen, as shown by his Alloy No. 
3, which shows a calculated ratio factor of 1.84 but his permeability value indi- 
cates that under the condition of the test the alloy was only slightly ferritic. 


We do not have data to confirm his suggestion regarding the relative potencies — 


of carbon and nitrogen in promoting a wholly austenitic structure, in fact, we 
question if nitrogen is that potent. The effect of a smaller amount of ferrite 
seems to be in agreement with the higher limiting creep stress at 1800 degrees 
Fahr. (980 degrees Cent.) and the lower minimum creep rate under a load of 
2000 psi. 

Mr. Van Nordstrand has brought up some interesting points. Perhaps the 
statement with reference to austenitic alloys for the highest quality product 
should be limited to some types of service. It is realized that if it is desired to 
use the minimum possible amount of nickel in alloys of this composition, a diffi- 
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cult problem in foundry practice will be encountered if the alloys are to be 
made wholly austenitic. 

Our Fig. 17 is not intended to be applied to the 35 per cent nickel-15 per 
cent chromium material, but if applied would simply indicate that this material 
has more than the minimum amount of austenitizing element to produce a wholly 
austenitic alloy. 

The data in Table XVIII were intended, in part, to bring out the fact that 
with certain alloys the aging reaction and the loss of ductility even at 1600 
degrees Fahr. (870 degrees Cent.) are not completed in 48 hours, and it may 
be pointed out that in certain alloys aging 48 hours at 1600 degrees Fahr. (870 
degrees Cent.) emphasized the tendency of the alloy to embrittle more than 
aging 24 hours at 1400 degrees Fahr. (760 degrees Cent.). 

Mr. Van Nordstrand has apparently correctly pointed out that in some 
designs it is not feasible to utilize high tension stresses and, presumably, alloys 
with lower creep strengths will be usable in such applications if their other 
properties are satisfactory. 

Mr. Brophy has raised a number of interesting points. While it is true 
that the alloys supplied by manufacturers in 1937 showed a variation from 0.04 
to 0.17 per cent nitrogen, it is unlikely that this variation was accidental and 
it is believed that the higher nitrogen contents were intentionally added. 

It is hardly to be expected that the relations proposed for alloys of ap- 
proximately 25 per cent chromium-12 per cent nickel will hold over wide 
ranges of these two elements. It is probable, however, that somewhat similar 
relations are applicable. .Unfortunately, the paper did not make clear the rea- 
son for multiplying the carbon content by 16 instead of its stoichiometric 
ratio in CriC. The fact is that we assumed that some carbon would be in 
solution in the matrix of the alloy and we are concerned only with the chro- 
mium which would be bonded with carbon to form a carbide. It is probable 
that in the range of 1200 to 1800 degrees Fahr. (650 to 980 degrees Cent.) 
the solubility of carbon in austenite is of the order of about 0.03 per cent. 
On this basis, if we use 16 instead of 17.4, we compensate in an approximate 
way for the carbon in solution. For example, if we assume an alloy contain- 
ing 0.40 per cent carbon and multiply it by 16 we get a value of 6.4, whereas 
if we assume 0.37 per cent carbon available for combining with chromium and 
multiply it by 17.4 we get approximately 6.4. This relation is also fairly 
good with a carbon content of 0.30 per cent but departs more if the carbon is 
lower, for example, at 0.20 per cent. 

The ferrite-austenite boundary in Fig. 11 has been drawn in to represent 
the best information available at this time for alloys containing carbon in the 
range studied. With reference to the slope of this line in the lower chromium 
and nickel contents, we do not have so much data as desirable. The best alloys 
for determining this slope are No. 1 and No. 18. Unfortunately, No. 18 was 
represented on Fig. 11 in the preprint as No. 8. This has now been ‘corrected. 
Alloy No. 1 was found to be wholly austenitic in character, while Alloy No. 18 
showed some ferrite. The slope of this line for still lower chromium and nickel 
contents has not been studied. 

We have found that the sigma phase in alloys of this type is the stable 
one in the temperature range up to 1600 degrees Fahr. (870 degrees Cent.). 
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Likewise, we have found that the ferrite phase is the stable one at 1800 de- 
grees Fahr. (980 degrees Cent.) or at least that appears to be the case with 
the normal composition. It is not surprising that Mr. Brophy found that an 
alloy when heated to a high temperature and then cooled to 1600 degrees 
Fahr. (870 degrees ,Cent.) did not show the sigma phase. There is likely to 
be some under-cooling before this phase forms on cooling and then it takes 
time even at the temperature at which it is stable. There is also a variation 
in the rate of formation of the sigma phase in alloys of this general type of 
composition. Rather extensive experience with etching reagents for reveal- 
ing the sigma phase in this and other types of alloys has indicated a prefer- 
ence for the one used over Murakami’s reagent. 

While our work on the effect of silicon is somewhat limited, it does not 
seem to be in agreement with Mr. Brophy’s data. His references to the 
iron-chromium-nickel and iron-chromium-manganese systems are not entirely 
applicable to the alloys which we have studied because most of the alloys used 
in those investigations were of lower carbon content. If he found that 1.8 
per cent manganese was equal to 1 per cent nickel in a 5 per cent chromium 
alloy and that 1 per cent manganese was equal to only % per cent nickel in 
a 15 per cent chromium alloy, it would not be inconsistent in a 25 per cent 
chromium alloy to find that manganese was only equivalent to one-third that 
much nickel. 

Apparently Mr. Brown is in rather extensive agreement with the results 
reported in this paper but is unable to agree regarding the deleterious effect 
of molybdenum. The only deleterious effect of molybdenum shown in the 
paper is an indirect effect in which the molybdenum, because of its relatively 
strong potency as a ferrite promoter, causes the alloy to be more ferritic than 
it would be without the molybdenum. The results show rather conclusively 
that molybdenum must be considered in a balanced composition and either 
the other ferrite-promoting elements decreased or the austenite-promoting ele- 
ments increased to produce a wholly austenitic alloy. 

With regard to the aging tests to show the tendency of the alloys to 
embrittle in service, our data indicate that aging at 1400 degrees Fahr. (760 
degrees Cent.) is more searching for wholly austenitic alloys which lose duc- 
tility by a precipitation phenomenon but this temperature is less searching than 
aging at 1600 degrees Fahr. (870 degrees Cent.) for partly ferritic alloys in 
which ferrite transforms more or less to sigma. Aging at 1800 degrees Fahr. 
(980 degrees Cent.) may be favorable to partly ferritic alloys because the 
tendency is for sigma to change to ferrite at this temperature and thus favor 
relatively high ductility. 

The elongation values of several of the alloys which were tested in creep 
are shown in Fig. 8, but these specimens were aged 48 hours at 1600 degrees 
Fahr. (870 degrees Cent.). Tests on other wholly austenitic alloys showed 
that their ductility values followed quite closely the curve in this figure. 

The discussion submitted by Mr. Sayles presents some valuable informa- 
tion regarding the properties of ferritic alloys, particularly those containing 
molybdenum, and makes possible the presentation of some additional informa- 
tion on this general subject. 
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The authors did not intend to state or to imply that ferritic alloys with or 
without molybdenum had no place in industry because they are well aware 
that many tons of .such alloys have been used with success. The significant 
points made in this paper are that ferritic alloys are lower in strength at ele- 
vated temperatures and have lower limiting creep strengths at elevated tem- 
peratures than wholly austenitic alloys and that ferritic alloys are subject to 
the formation of the brittle sigma phase at certain intermediate temperatures. 
Obviously, if the design is such that the working stresses are sufficiently low, 
an alloy of low limiting creep stress may give satisfactory performance and 
as yet there is no rigidly established minimum for ductilities which may be 
used in different types of industrial installations. 

Mr. Sayles has quoted extensively from a report prepared by Battelle 
under date of June 3, 1937, and has referred particularly to Alloy “A”. Some 
of his data will. be discussed and certain additional data supplied. 

It is significant that Alloy “A” showed 14.2 per cent elongation after 
aging 24 hours at 1400 degrees Fahr. (760 degrees Cent.) and only 10.5 per 
cent after aging 480 hours at that temperature. Stated another way, this 
material showed a further loss in ductility of 26 per cent due to the longer 
aging time and this shows that the embrittling reaction was far from com- 
plete after 24 hours at 1400 degrees Fahr. (760 degrees Cent.). The authors 
have shown that for the ferritic alloys, with or without molybdenum, aging at 
1600 degrees Fahr. (870 degrees Cent.) is a more searching test and that at 
this temperature the embrittling reaction takes place more rapidly. It is 
therefore considered consistent that Alloy AN2 showed only 8 per cent elon- 
gation after aging 48 hours at 1600 degrees Fahr: (870 degrees Cent.) and 
only 4.5 per cent after 500 hours at that temperature. 

The lower ductility found for Alloy AN2 after aging 500 hours at 1600 
degrees Fahr. (870 degrees Cent.) shows the tendency of an alloy of this type 
to continue to lose ductility during long-time aging at intermediate tempera- 
tures. The tendency for alloys of this type to continue to lose ductility with 
the increased time at temperature is further indicated by the elongation and 
reduction of area values for Specimen A-2, in the report referred to by Mr. 
Sayles, after being subjected to creep testing for 1000 hours at 1400 degrees 
Fahr. (760 degrees Cent.) under a load of 3200 psi. and then tested in ten- 
sion at sroom temperature. As quoted from that report, this alloy “showed 
little change in tensile strength but a higher yield strength when compared 
with the material as cast or heated 480 hours at 1400 degrees Fahr. (760 
degrees Cent.) with no stress, but the 1000-hour period under stress at 1400 
degrees Fahr. (760 degrees Cent.) has caused a large loss in ductility as 
shown by elongation and reduction of area.” The elongation was only 4.5 
per cent and the reduction of area 5.5 per cent. The elongation value of 4.5 
per cent checks exactly with the value for alloy AN2 after aging 509 hours 
and probably is close to a fully embrittled alloy of this type. 

The observation that Alloy “A” (Specimen A-2) showed essentially the 
same tensile strength after creep test as when tested as cast and after aging 
480 hours at 1400 degrees Fahr. (760 degrees Cent.) without stress, suggests 
that the test specimen was not materially damaged in the creep test. It, 
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therefore, may be assumed that the loss in ductility resulted from continued 
formation of the sigma phase at 1400 degrees Fahr. (760 degrees Cent.). 

Mr. Sayles gives the elongation values for specimens of Alloy “A” when 
tested in tension at room temperature after aging 24 hours and 480 hours at 
1800 degrees Fahr. (980 degrees Cent.) and implies that these treatments give 
ample time for full) development of the brittle sigma phase. This reasoning 
overlooks the fact that ferrite and not sigma is the stable constituent at 1800 
degrees Fahr. (980 degrees Cent.) and therefore alloys of this type generally 
show a substantially higher elongation value after aging at 1800 degrees Fahr. 
(980 degrees Cent.) than after aging at 1600 degrees Fahr. or even 1400 de- 
grees Fahr. To illustrate this point, Alloy AN2 after being subjected to a 
creep test for 742 hours at 1800 degrees Fahr. (980 degrees Cent.) under a 
load of 2000 psi. showed an elongation of 10.4 per cent when tested at room 
temperature and gave a tensile strength of 76,600 psi. The microstructure of 
this alloy consisted of carbides, austenite and ferrite, no sigma phase being 
in evidence. It should be pointed out, however, that in certain types of alloys 
the sigma phase, once it has been formed, is rather persistent at 1800 degrees 
Fahr. (980 degrees Cent.) and may not be removed at that temperature un- 
less a very long aging time is used and then probably not completely. 

Mr. Sayles makes comparison between the results of creep tests as re- 
ported in the present paper and those given in the earlier report from Battelle. 
So far as is known, there has been -no significant change in the creep testing 
methods. From the data available, it appears that Alloy “A” had a somewhat 
higher strength than the specimens of Alloy AN2. As pointed out by the 
authors, the casting used in their investigation does not necessarily give the 
highest strength it is possible to obtain in a casting. In spite of some dis- 
crepancies in the creep data presented in these two reports, it is significant 
that Alloy “A” showed\a substantial increase in the creep rate at 1000 hours 
as compared with the value after 500 hours, showing that this specimen had 
entered the third stage of creep and might be expected to continue to show 
an increasing rate of creep with increasing time. Alloy ANZ entered the 
third stage of creep at an earlier time and had progressed further in the stage 
of creep after 742 hours. It is obvious then that the limiting creep stress for 
both of these alloys is under 2000 psi. 

Since the paper was presented, another specimen of Alloy AN2 has been 
tested in creep, again at a load of 2000 psi. and at 1800 degrees Fahr. (980 
degrees Cent.). This test was run for 1000 hours. The rate at 500 hours was 
0.00019 per cent per hour, but at 1000 hours it had increased to 0.0024 per 
cent per hour (calculated to 24.2 per cent in 10,000 hours) and the specimen 
was obviously going to fail shortly. While this second specimen of Alloy 
AN2 was somewhat slower in getting into stage III than the first one, it, like 
Mr. Sayles’ Alloy “A” and the first specimen of Alloy AN2, goes into stage 
III under a load of 2000 psi. at 1800 degrees Fahr. (980 degrees Cent.) and 
its L.C.S. is definitely below 2000 psi. 

The data contained in the Certificate from the University of Michigan by 
Dr. C. L. Clark are interesting. That certificate shows creep rates of 0.5 
and 0.6 per cent per 10,000 hours under a load of 1800 psi. at 1800 degrees 
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Fahr. (980 degrees Cent.). These values may be compared with the values 
given in Table XXII for wholly austenitic alloys which were tested at 1800 
degrees Fahr. under the higher load of 2000 psi. and showed values, calculated 
to rate per 10,000 hours, as follows: 


Per Cent 
TAME: aug kaavins 0.45 per 10,000 hours 
ee Stat eacad — e 
fee es ae a " 
Pe otic ee >” . 
BS 55535 —-* . 
MEE nhc Rig —. * - 
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Thus, the data in the present report show that the wholly austenitic alloys as 
tested under the higher load of 2000 psi. showed lower creep rates and in some 
cases showed only 20 per cent or less of the creep rate reported for the ferritic 
alloys. 

Other comparisons may be made for the data at 1600 degrees Fahr. (870 
degrees Cent.) where Clark reported a creep rate of 0.8 per cent per 10,000 
hours under a stress of 3100 psi. and Alloy AD under almost the same stress, 
3000 psi., showed a creep rate of only 0.10 per cent. Also at 1600 degrees 
Fahr. (870 degrees Cent.), Alloy AD under the higher load of 4000 psi. 
showed a creep rate of only 0.5 per cent and AE also under a load of 4000 
psi. showed a creep rate of only 0.3 per cent. 

At 1400 degrees Fahr. (760 degrees Cent.) Clark reported a creep rate 
of 0.8 per cent per 10,000 hours under a load of 4100 psi. whereas Alloy AD 
under the higher load of 5000 psi. showed a creep rate of only 0.2 per cent 
or only 25 per cent of that of the ferritic alloy in spite of the fact that it was 
under about 22 per cent higher load. Alloy AD under a load of 8000 psi. 
at 1400 degrees Fahr. showed a creep rate of only 0.65 per cent per 10,000 
hours and Alloy AE of only 0.50 per cent, thus showing that these wholly 
austenitic alloys require about twice the stress at 1400 degrees Fahr. (760 
degrees Cent.) to cause the same rate of creep as the ferritic alloys tested by 
the University of Michigan, which is about in line with the findings reported 
in our paper. 

The data presented in the Certificate by H. Schultz have little signifi- 
cance because of the fact that the specimens were aged 24 hours at 1400 de- 
grees Fahr. (760 degrees Cent.) which it has been shown is inadequate to 
bring out the full tendency of alloys of this type to embrittle when heated at 
intermediate temperatures. It may be mentioned, however, that Heats 4817 
and 4918 showed an elongation of only 11.5-12.5 per cent and 12.5 per cent, 
respectively, and the data presented in the paper and in this discussion would 
suggest that such an alloy would develop quite a low ductility after aging 
for a longer period of time at 1400 degrees Fahr. (760 degrees Cent.) and 
especially if aged for a longer time at 1600 degrees Fahr. (870 degrees Cent.). 
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A rather wide variation in the ductility of these alloys ranging from 11.5-30.5 
per cent elongation suggests considerable variation in the different heats or 
variation in the progress of the formation of the sigma phase. 

While this certificate presents the results of room temperature tests on a 
considerable number of heats, as is indicated, they were made to have the same 
chemical composition and have comparatively little value in a broad study 
of the effect of variations in chemical composition in the properties of the 
alloys, which was the purpose of the investigation reported in our paper. 

In conclusion, the authors appreciate the interest of those who have dis- 
cussed this paper and hope that the original paper, the various discussions, 
and this reply will contribute to a better understanding of the HH type of 
heat resistant alloys. 





THE EFFECT OF MICROSTRUCTURE UPON THE WORK 
HARDENING CHARACTERISTICS OF A 0.74 
PER CENT CARBON STRIP STEEL 


By N. P. Goss anp WILLIAM BRENNER, JR. 


Abstract 


The object of this investigation was to determine the 
effect of cold rolling on the work hardening character- 
istics of a 0.74 per cent carbon strip steel having a sor- 
bitic and spheroidized microstructure. These cold-rolled 
structures were heat treated below A, to spheroidize and 
then the ductility and hardness compared. 

The results of this investigation showed: 

(1) that sorbite work hardens more rapidly than divorced 
pearlite for reductions exceeding 70 per cent in thick- 
ness. 

(2) that divorced pearlite is easier to cold roll and does 
not develop edge checks as readily as sorbite. 

(3) that the plastic capacity of the divorced pearlite is 
much greater than that of the sorbite. 

(4) that sorbite requires greater care in cold rolling 
on the mill, especially in the interval of 5 to 20 per 
cent and for heavy reductions in excess of 70 per 
cent. 

(5) that after a final anneal the sorbite appears to have the 
best spheroidizing structure. 

(6) that the final annealing produced a ductile struc- 
ture of about the same hardness in both structures, 
though the microstructures of the cold-rolled state 
were entirely different. 


HE work hardening characteristics of metals and alloys by cold 

rolling is of considerable importance in determining the behavior 
of metals during the cold rolling operation. While it is well known 
that cold working increases the hardness and decreases the ductility, 
the effect of the initial microstructure upon the work hardening 
characteristics has not been extensively studied. 

In this investigation the work hardening characteristics of a 
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associated with that Company. Manuscript received June 30, 1941. 
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0.74 per cent carbon strip steel were studied. The hot strip speci- 
mens were cold-rolled and then heat treated to obtain sorbite or fine- 
grained pearlite and divorced pearlite. 

The object of this investigation was to determine the effect of 
cold rolling upon these microstructures and the subsequent effect 
of the following heat treatment upon the ductility and hardness. 

To present the information gained as a result of this cold 
rolling experiment on high carbon strip steel as simply and as 
effectively as possible the hardness was plotted against the per- 
centage reduction by cold rolling. The curves obtained in this way 
portray the manner in which these microstructures work harden 
and how they differ from each other. These curves, however, fail 
to show two important points: First, the behavior of the metal 
while being cold-rolled, as on a four-high single stand mill. Sec- 
ond, the effect upon the physical properties after a final anneal. To 
compensate for the failure of the curves to cover these important 
phases these features will be later described in some detail. 


MATERIAL INVESTIGATED AND EXPERIMENTAL PROCEDURE 


The material investigated was a 6% by .105-inch hot-rolled 
strip with the following chemical analysis: Carbon 0.74, manga- 
nese 0.85, phosphorus 0.032, sulphur 0.021, silicon 0.23 (alumi- 
num killed). 

A. schematic representation of the procedure followed in proc- 
essing the high carbon hot strip is shown in Fig. 1. As can be seen 
from this schematic drawing the material was cold-rolled in two 
stages so that after the intermediate annealing (step No. 2) the 
material was all finished at 0.020 inch. This was done to eliminate 
gage as a variable. The hardness* value after each reduction 
will also be found in Fig. 1 as well as the gage that the hot strip 
was cold-rolled to. The values are the averages obtained from 
several specimens, and in some instances, the maximum and mini- 
mum hardness varied considerably from the average value. 

To prevent oxidation of the material during heat treatment it 
was carefully wrapped in several thicknesses of .003-inch steel foil. 
When the samples were removed from the packet, they were as 
clean and bright as before heat treatment. Microexamination showed 
no decarburization at all. 


_ “All hardness values were made on a Monotron hardness machine using a 75-millimeter 
diamond ball. 
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To obtain the predominantly sorbite microstructure the cold- 
rolled material was heat treated from 1100 to 1400 degrees Fahr. 
(595 to 760 degrees Cent.) in 2 hours. It was held at 1400 de- 
grees Fahr. (760 degrees Cent.) for 1 hour and then air quenched. 
The divorced pearlite was obtained by annealing the cold-rolled, fine- 
grained pearlite-sorbite structure of the hot strip at 1335 degrees 
Fahr. (725 degrees Cent.) for 8 hours and then slowly cooling in 
the furnace. 

The annealed specimens were again tested for hardness and 
the Monotron values recorded. The specimens were then again 
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Fig. 1—Schematic Outline of the Procedure Used in This In- 
vestigation. All Figures Enclosed in Parentheses Are Monotron 
Hardness Values (0.75 Millimeter). 
















cold-rolled to the final gage in increments of 10 per cent so that the 
final thickness of all the material was .020 inch (step No. 3). The 
uniform thickness was desired so that all of the hardness values 
could be taken of material of the same thickness. In erder to 
have comparable ductility tests it was imperative that the final gage 
be the same. 

The material was then given a final anneal at 1275 degrees 
Fahr. (670 degrees Cent.), the time at this temperature being 3 
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hours. The purpose was to determine to what extent this particu- 
lar material could be spheroidized by this treatment and the effect 
upon the ductility and hardness. The original sorbite and divorced 
pearlite materials were heat treated in the same annealing box. This 
was done for several reasons: (1) To make certain that all of the 
material received ,the identical final heat treatment. This makes a 
direct comparison of the (2) hardness, (3) ductility, (4) and micro- 
structure possible. 

The ductility tests were made by bending the material flat on 
itself the good and the poor way of the grain. The bend test the 
good way of the grain was made by bending the specimen perpendic- 
ular to the rolling direction; the bend test the poor way of the grain 
made by bending the specimen parallel to the rolling direction. If 
the specimen showed any signs of cracks or fissures on the bent 
surface, the specimen was called brittle, and was marked as frac- 
tured or slight fracture, depending upon the size and number of 
cracks and fissures. If, however, the bent surface did not show any 
signs of splitting or cracking under a ten-power handglass it was 
considered ductile. To make the bend tests even more drastic the 
material was bent flat on itself in a vise, rather than with a hammer. 
These results will be dealt with later. 


' DiscussION OF RESULTS 


The work hardening characteristics of strip steel having a 
sorbitic and divorced, pearlite structure after cold rolling (step 
No. 3, Fig. 1) are shown in Fig. 2. Comparing the curves of 
Fig. 2 it will be seen at a glance that the sorbitic material is harder 
than the divorced pearlite for all reductions. Upon closer examina- 
tion, however, it can be seen that the curves are parallel in two 
portions. The first of these parallel portions being between the 5 
and 20 per cent reduction in thickness, and having a hardness dif- 
ference of approximately 6 points on the Monotron scale. The sec- 
ond parallel portion is between the 50 and 70 per cent reduction in 
thickness with the hardness values differing but slightly, a matter 
of 1 or 2 points on the Monotron scale. In spite of the initial 
hardness of the sorbite it work hardens at about the same rate as the 
divorced pearlite in the interval from 5 to 20 per cent reduction. 

A very interesting feature of the work hardening character- 
istics of the sorbite studied in this instance is the decrease in the 
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hardness between 25 and 40 per cent reductions in thickness; while 
the divorced pearlite structure experienced a steady increase in 
hardness in this range. It will also be noted that when the struc- 
tures were given a 70 to 80 per cent reduction the sorbitic struc- 
ture experienced a marked increase in hardness; while for the 
divorced pearlite it leveled off. 

Whether the work hardening characteristics reported here are 
true for sorbite and divorced pearlite in general is beyond the scope 


Reduction, Per Gent 


Fig. 2—These Curves Show the Hardness Values 
of Sorbite and Divorced Pearlite Structures After 
Cold Rolling. 


of this paper, but it certainly was characteristic of the material used 
in this investigation. 

The curve obtained after cold rolling the strip steel having a 
divorced pearlite structure (Fig. 5, step No. 3) is a very good indi- 
cation of how the material will behave on a four-high single stand 
reversing cold mill. The slope of the curve is smooth, and therefore 
indicates a gradual increase in the hardness. This feature may 
account in part for the excellent cold rolling characteristics, as this 
structure can be cold-rolled with ease, drastic reductions being pos- 
sible without an intermediate anneal. The danger of fracturing in 
the mill is also eliminated to a large extent because this material does 
not edge check easily. 

On the other hand, cold rolling of the material having a sor- 
bitic structure presents many difficulties. The initial hardness of 
this material is high, as can be seen in Fig. 4, step No. 2, and is the 
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Fig. 3—74 Per Cent Carbon Strip Steel Heat Treated to Obtain Various Structures. 
a—Predominantly Sorbite, 2 Per Cent Nital Etch. X_1000. 
b—Predominantly Divorced Pearlite, 2 Per Cent Nital Etch. x 1000. 





0 20 40 60 80 
Reduction, Per Cent 


Fig. 4—The Curves Show the Hardness Values of the 
Sorbitic Material. Step No. 2 is the Curve of Material 
After Heat Treatment to Obtain Predominantly Sorbite. 
Step No. 3 Shows Sorbite After Being Cold Rolled. 
Step No. 4 Shows Material After Having Received the 
Spheroidizing Heat Treatment. 


cause of most of the difficulties met with in cold rolling sorbitic strip 
steels. As mentioned before, the slope of the curve for the first 
20 per cent reduction is rather steep with a corresponding rapid 
increase in the hardness. Through this range the mill operator 
must be careful and take only small reductions per pass or else 
the strip will develop edge checks which may lead to premature fail- 
ure of the strip. Between 25 to 40 per cent reductions the hardness 
decreases slightly, and then levels off. 
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In the interval of 30 to 40 per cent reduction the strip shows less 
tendency to develop edge cracks, provided care has been exercised 
in the first 25 per cent reduction. From 50 to 80 per cent reduc- 
tion the slope again- increases and continues to increase rapidly, 
due to the rapid increase in hardness. In the interval 70 to 80 per 
cent reduction the percentage of reduction per pass through the 
mill must be small in order to avoid fracture. 

On the other hand, the divorced pearlite can be given greater 





Fig. 5~—The Curves Show the Hardness Values of 

the Divorced Pearlitic Material. Step No. 2 is the Curve 

of Material After Heat Treatment to Obtain Predom- 

inately Divorced Pearlite. Step No. 3 Shows Divorced 

Pearlite After Being Cold-Rolled. Step No. 4 Shows 

Material After Having Received the Spheroidizing Heat 

Treatment. 

reductions per pass through the mill as the final gage of the strip is 
approached, as this material does not work harden as rapidly as 
the sorbitic strip, especially for reductions in excess of 70 per cent. 
The great differences in work hardening characteristics of these 
microstructures can also be explained on the basis of plastic capac- 
ity. The plastic capacity in this instance will be defined as the area 
that is enclosed by the curves of steps Nos. 2 and 3 in Figs. 4 and 
5. This area in a way is related to the plastic capacity of the mate- 
rial; i.e., the greater the area, the greater the capacity for work 
hardening by cold rolling, and consequently the greater the ease with 
which the material can be plastically deformed. Making assumptions 
on this basis, the divorced pearlite should cold roll much easier 
as this material has the greatest area. This was borne out in this 


investigation. 
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The plastic capacity of the sorbite is less and should therefore 
explain why the sorbite is more difficult to cold roll. 


FINAL ANNEAL AND BEND TESTS 


One of the very important features of this investigation was 
to determine the effect of microstructure and cold rolling upon the 


Fig. 6—0.74 Per Cent Carbon Strip Steel Reheat Treated to Obtain Spheroid- 
ized Microstructures, 

a—Originally Sorbite, 2 Per Cent Nital Etch. X 1000. 

b—Originally Divorced Pearlite, 2 Per Cent Nital Etch. xX 1000. 


final anneal. The hardness values of the two materials after the 
final anneal (step No. 4 in Figs. 4 and 5) were surprisingly alike; 
but their respective microstructures were not. These photomicro- 
graphs are shown in Fig. 6, and it is evident that the material that 
was initially given a sorbitic structure spheroidized much better 
than the divorced pearlite. The presence of residual pearlite in the 
material remaining from step No. 2 is probably the reason why 
the divorced pearlite did not spheroidize readily when given the 
final anneal. 

It is a well known fact that pearlite is much more difficult to 
spheroidize than sorbite. Both of these microstructures could have 
been improved had the time held at 1275 degrees Fahr. (690 degrees 
Cent.) been longer or had the temperature been higher, but below A,. 
No special effort was made to find an annealing practice which would 
develop the best spheroidized structure. 

The results of the bend tests are the most informative to the 
practical metallurgist and is the conventional method to test high 
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Table I 
Bend Tests and Hardness Values After Having Received Spheroidizing Heat Treatment 


Sorbite Divorced Pearlite 
I II III IV V VI VII VIII IX x* 
Inch Inch Inch Per Cent 


0.105 to 0.100 to 0.020 
0.105 to 0.067 to 0.020 
0.105 to 0.050 to 0.020 
0.105 to 0.040 to. 0.020 
0.105 to 0.033 to 0.020 
0.105 to 0.029 to 0.020 
0.105 to 0.025 to 0.020 
0.105 to 0.022 to 0.020 


Legend 


I Thickness of hot strip used in this experiment. 

II Thickness of material after step No. 1. 

Ill Thickness of material after step No. 3. 

IV Per cent reduction in thickness after step No. 3. 

V Monotron value (0.75 millimeter) of sorbite after step No. 4. 
VI Bend test of sorbite good way of grain in step No. 5. 

VII __—Bend test of sorbite poor way of grain in step No. 5. 

VIII Monotron value of divorced pearlite after step No. 4. 

IX Bend test of divorced pearlite good way of grain in step No. 5. 
x Bend test of divorced pearlite poor way of grain in step No. 5. 


*All ductile except 7th specimen which showed a Slight Fracture. 


carbon strip steel for ductility. The best way to present this phase 
of the investigtion is by means of Table I. This table is almost 
self explanatory but a few comments may be helpful. The duc- 
tility of both of the materials was surprisingly good as can be 
seen from the bend tests and hardness values. It is apparent, there- 
fore, that strip steel having a sorbite or divorced pearlite structure 
can be spheroidized after a final cold rolling, and a soft and duc- 
tile strip will result This investigation clearly showed that from 
a standpoint of cold rolling the divorced pearlite is the easiest to 
cold roll; on the other hand, the sorbitic structure is easier to sphe- 
roidize after a cold rolling operation. Both materials, however, yield 
satisfactory structures after cold working in so far as ductility and 
hardness are concerned for commercial applications. 


SUMMARY 


The results of this investigation showed: 

(1) Sorbite work hardens more rapidly than divorced pearlite for 
reductions exceeding 70 per cent in thickness. 

(2) Divorced pearlite is easier to cold roll and does not develop 
edge checks as readily as sorbite. 


(3) The plastic capacity of the pearlite is much greater than that 
of the sorbite. 
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(4) Sorbite requires greater care in cold rolling on the mill, espe- 
cially in the intervals of 5 to 20 per cent and in excess of 70 
per cent reduction in thickness. 

(5) After a final anneal the sorbite structure is easiest to spheroid- 
ize. 

(6) The final annealing produced a ductile structure of about the 

same hardness in both structures. 


Oral Discussion 













Sam Tour:* The Chairman is not supposed to discuss papers. Will Mr. 
Goss tell us something about the relationship between Monotron and some of 
the other scales of hardness? What does the Monotron hardness of 40 
mean when compared to some of the more common systems of designating 
hardness ? 

Mr. Goss: The monotron does not require change of scale over a wide 
range of hardness values. On the other hand, the Rockwell machine would 
require the use of two scales (B & C) to cover the range of hardness values 
of the specimens used in this investigation. 

However, there is a definite and well established relationship between 
these two machines. For example a Rockwell B-80 is equivalent to a monotron 
of about 20 and so on. 

Mr. Tour: Does the Monotron cover the full range from dead soft to 
maximum work hardening with fairly good sensitivity over the whole range? 

Mr. Goss: Over the whole range, fairly well. 

Mr. Tour: Any discussion on this paper? The paper contains somewhat 
of a general condemnation ‘of sorbite for cold rolling. Would that apply to 
cold drawing as well as cold rolling, Mr. Goss, or only to cold rolling? 

Mr. Goss: I would say that it would only apply to cold rolling, simply 
because strip having a fine pearlite structure is very susceptible to edge checking. 

However, this difficulty is not encountered in wire drawing, and it is well 
known that high tensile wire is drawn from rods treated to have a fine pearlite 
structure. 

Mr. Tour: In other words, you would definitely limit your conclusions 
to cold rolling, and not have them extended to cover cold drawing? 

Mr. Goss: That’s right. 

M. Astmow:’ Just to amplify one point which Mr. Goss raised in reply 
to a question in connection with the checking of the edges in cold rolling. In 
wire drawing, the pressure from the die is radiately against the material being 
cold drawn, with the result that the assistance rendered by the compressive 
stresses tend to alleviate to some extent the cracking of the surface. 



















1Vice-president in charge of chemical and metallurgical engineering, Lucius Pitkin, 
Inc., New York City. 


*Metallurgist, Central Metal Products Co., Los Angeles. 
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In the case of cold rolling strip, the edges are unsupported, frequently, 
and therefore more apt to crack. 

Mr. Goss: In answer to the last question, of course, the edge checking is 
already potentially present in the hot strip and a sorbitic structure is always 
liable to develop edge cracks. 

Mr. Astmow: Even in the hot-rolled strip the lack of compressive support 
at the edges is responsible for the edge checking. 

Mr. Goss: The lack of support (lateral) may also be a contributing factor 
to the development of edge checking. 

Mr. E. L. BartHotomew, Jr.:* My question was in connection with the 
rate of work hardening in the range of reduction somewhere around twenty 
per cent in the sorbitic structure. I was interested in knowing why that sudden 
change occurs in the rate there. As a matter of fact, there is a dropping off 
of the work hardening, about 20 per cent reduction. 

Mr. Goss: This characteristic dropping off at about 30 per cent to 
40 per cent reduction definitely occurred in all the specimens, but we have no 
explanation for it, and we do not know if it is characteristic for every type of 
fine pearlite. It would be very interesting to determine if it is related to the 
structure, i.e. using strips having fine to coarse pearlite. 


Instructor, Massachusetts Institute of Technology, Cambridge, Mass. 











THE ROLE OF NITROGEN IN 18-8 STAINLESS STEEL 
By H. H. Un tic 
Abstract 






Pure 18-8 alloy quenched from 1150 degrees Cent. 
(2100 degrees Fahr.) is ferritic, not austenitic, at room 
temperature. Nitrogen, which is accidentally present in 
the commercial alloy, is found to inhibit the gamma to 
alpha phase transformation occurring on cooling at about 
100 degrees Cent. (210 degrees Fahr.). Properties of the 
two lattice structures of 18-8 are presented. Magnetic be- 
havior, yield strength, hardness, thermal and electrical 
conductivities, and coefficient of expansion show the great- 
est differences for the body-centered compared with the 
face-centered cubic structure. The corrosion resistance 
of the two structures, annealed sufficiently, does not dif- 
fer appreciably. Evidence is presented that ferritic 18-8 
is magnetically anisotropic. Nitrogen, under certain con- 
ditions, readily diffuses into or out of 18-8, thereby con- 
verting the alloy to either structure. 


































T is common knowledge that a commercial heat of 18-8 chromium- 
nickel steel quenched from approximately 1150 degrees Cent. 
(2100 degrees Fahr.) is austenitic in structure and nonmagnetic. Of 
considerable interest is the fact that if one prepares a heat of similar 
composition except to reduce the nitrogen content to a negligible 
concentration, the final product is partly ferritic and ferromagnetic.” ” 
If one reduces the carbon content simultaneously, the alloy is almost 
totally ferritic. These ferritic alloys quenched from a temperature 
of 1150 degrees Cent. (2100 degrees Fahr.) have properties differing 
considerably from the austenitic variety. 

The effect of nitrogen, therefore, as well as carbon, is of practical 
importance in the preparation of austenitic heats. With free access 
to the air during melting, alloys containing chromium absorb nitrogen 
fairly rapidly ; consequently 18-8 so prepared is normally austenitic. 


1H. H. Uhlig, Progress Report No. 6 to Chemical Foundation, Massachusetts Institute 
of Technology, Dec. 5, 1938. 

7H. H. Uhlig, Metals and Alloys, Vol. 10, 1939, p. 66. 

Several nitrogen-free 18-8 alloys prepared by H. L. Trout (S. M. Thesis, 1939, Dept. 
Chem. Eng., Mass. Inst. Technology) containing additions analyzing as much as 0.07% C 
were found to be strongly ferritic. 








A paper presented before the Twenty-third Annual Convention of the 
Society held in Philadelphia, October 20 to 24, 1941. The author, H. H. Uhlig, 
is associated with the research laboratory, General Electric Co., Schenectady, 
N. Y. Manuscript received June 28, 1941. 
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Should the usual process of melting be altered, however, by vacuum 
melting or by excess addition to the melt of strong nitrogen combin- 
ing elements like titanium or columbium, the deficiency of nitrogen 
will result in an 18-8 only partially austenitic. No series of usual 
heat treatments in air followed by quenching suffice to diffuse suf- 
ficient nitrogen into the alloy to stabilize the austenitic phase. Only 
in the molten state is nitrogen readily absorbed front the atmosphere. 

From a fundamental standpoint, the effect of nitrogen in 18-8 
is of interest in several ways. Alteration of the phase boundaries by 
additioh of nitrogen in the equilibrium and structural diagrams is of 
some importance. Of considerable significance, as shown later, is 
the effect on the rate of phase transformation. There are definite 
indications that for the transformation on cooling of y to a phase, 
the rate curves corresponding to the S curves for the carbon-iron 
system are radically different for identical 18-8 alloys with and with- 
out small additions of nitrogen. With sufficient nitrogen, as in com- 
mercial heats, the transformation does not occur at all. Of further 
interest is a comparison of the properties at a single temperature of 
the face-centered cubic lattice (austenitic) with the body-centered 
cubic lattice (ferritic) for the 18-8 alloys the same in composition 
except for the few tenths per cent of nitrogen which account for the 
phase difference. Many of the physical properties, such as magnetic 
permeability and ductility, show great divergence ; others, like specific 
heat, are closely alike. Many of the properties of the two structures 
have been measured and are presented in this paper. 


PREPARATION AND ANALYSIS OF ALLOYS 


The alloys were prepared from the purest available materials 
arid melted by induction in pure fused alumina or beryllia crucibles. 
To avoid any contamination with nitrogen, all the alloy constituents 
were selected from electrolytically prepared materials.* Melts were 
made in a stationary and a “pour” vacuum furnace. The stationary 
crucible furnace held a charge of 250 grams (0.55 pound). Two 
mercury diffusion pumps in series with a mechanical pump permitted 


%Analyses supplied by the producers were as follows: 


Electrolytic Chromium Electrolytic Nickel Electrolytic Iron 


Chromium 99.38 Nickel 99.34 Manganese 
Iron 0.006 Iron 0.01 Silicon 
Carbon 0.02 Cobalt 0.63 Carbon 
Sulphur 0.016 Sulphur 0.001 Sulphur 
Copper 0.01 Copper 
Lead 0.0015 Phosphorus 
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an ultimate vacuum of 10 millimeters of mercury and a vacuum of 
10 to 10-* millimeters mercury with the charge melted. The 
“yacuum-pour” furnace was constructed holding a charge of 3 kilo- 
grams (6.6 pounds) in a fused pure alumina crucible. A Cenco 
Megavac pump was used to exhaust this furnace, which maintained 
as closely as a manometer indicated a vacuum of less than a tenth of 
a millimeter of mercury before melting and a vacuum of approxi- 
mately 1 millimeter during pouring. Melts in hydrogen and nitrogen 
atmospheres were also made in these furnaces. The latter charges 
were first melted in vacuum and then allowed continued contact with 
the gas at one atmosphere for periods varying from 15 to 30 minutes. 
When the melt was chill cast, as was done using the larger furnace, 
it was poured in contact with the same gas atmosphere maintained 
during melting, and if furnace cooled, the gas remained in the furnace 
until the ingot was at or near room temperature. 

Vacuum melts were always essentially free of nitrogen. Hydro- 
gen melts analyzed approximately the same as the vacuum melts and 
behaved similarly in their final.physical properties. This is accounted 
for by the fact that heat treatment in air undoubtedly eliminated 
most of any residual hydrogen in the alloy. Little or no difference 
in hydrogen concentration by the vacuum fusion method was analyz- 
able in hydrogen, vacuum, and nitrogen melts. The high blanks of 
hydrogen determinations made such measurements relatively insensi- 
tive, however, so that the actual differences in concentration are un- 
known. The hydrogen, melted ingots differed from the vacuum and 
nitrogen melted ingots in being relatively porous or badly piped be- 
cause of rapid gas evolution on solidification. 18-8 melted in a nitro- 
gen atmosphere absorbed from 0.1 to 0.25 per cent nitrogen by 
weight. Evidence pointed to oxygen as the main impurity in other- 
wise relatively pure melts. In view of the fact that the electrolytic 
materials used for the alloys always contain oxygen, plus the intimate 
contact of melt with oxide crucibles and the fact that no deoxidizer 
was added, this is not surprising. The oxygen was present largely 
as inclusions, probably as chromite.* 

Although, in all, approximately thirty-five melts were produced, 
physical and mechanical properties were completely determined only 
for melts of the larger furnace. Specific properties of the smaller 
melts were at all times consistent with the larger melts, so that only 





os” Urban and J. Chipman, Transactions, American Society for Metals, Vol. 23, 1935, 
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Table |! 
Analyses of Vacuum, Hydrogen, and Nitrogen Atmosphere Melts 


Per Cent PerCent PerCent PerCent Per Cent 
Heat Number Nature of Melt Chromium Nickel Carbon Nitrogen Oxygen 


1 Vacuum melted, 


cast in vacuum 17.52 8.25 0.007 0.001 0.062 
Vacuum melted, 


2 

cast in vacuum 17.80 7.99 0.005 0.001 0.036 
3 Hydrogen melted, 
4 
5 


cast in hydrogen 17.68 7.91 0.005 0.001 0.027 
Nitrogen melted, 


cast in nitrogen 17.82 7.79 0.013 0.165 0.089 
Nitrogen melted, 
cast in nitrogen 


the analyses of the latter are listed in Table I. Analyses for nitrogen, 
hydrogen, and oxygen were accomplished by the vacuum fusion 
method. The specimens for analysis were selected after the opera- 
tions of forging followed by air annealing at 1120 degrees Cent. 


Fig. 1—X-Ray Photograms of Heats Nos. 1 to 5, 


(2050 degrees Fahr.) from 2 to 50 hours, and water quenching. 
The low nitrogen analyses for vacuum and hydrogen melts supply 
concrete evidence that no appreciable nitrogen is absorbed by the 
alloy in air annealing at this temperature. This was checked by 
analysis of Heat No. 1 after a 2-hour and also after a 50-hour 
air anneal. The nitrogen content checked within the experimental 
error (+0.001 per cent) as did the oxygen content. 

Heat No. 5 differs in nitrogen content from No. 4 because of 37- 
minute contact of the melt with nitrogen for the former as compared 
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with 15-minute contact for the latter. Heat No. 3 was in contact 
with hydrogen for 22 minutes. 

X-ray photograms of these alloys are reproduced in Fig. 1. The 
samples were from forged specimens, annealed for 50 hours at 1120 
degrees Cent. (2050 degrees Fahr.) and water quenched. Vacuum 
Melts No. 1 and No. 2 show strong ferrite with faint appearance of 
austenite lines. Hydrogen Melt No. 3 is similar with more intense 
austenitic lines. The relative intensity of austenite lines is in the 
order: No. 1 <No. 2 <No. 3. The austenite lines for the alloys 
show evidence of some preferred orientation of this phase. Nitrogen 
Melt No. 4 shows strong austenite lines with very faint appearance 
of ferrite lines. Melt No. 5, containing 0.07 per cent more nitrogen 
than No. 4, is all austenite. 

Photomicrographs of Ferritic Heat No. 1 and Austenitic Heat 
No. 5 are shown in Fig. 2. Electrolytic etch in 10 per cent oxalic 
acid was used. The austenitic 18-8 shows, after sufficient annealing, 
the typical twinned structure; the ferritic 18-8 resembles martensite, 
with the austenitic grain structure observable. The needles of No. 5 
Heat as cast, and annealed 2 hours, appear to be associated with 
nitrogen and are visible before etching. The oxide inclusions, uni- 
formly dispersed, are evidence of the vigorous stirring action of the 
induction furnace. These inclusions, corresponding to oxygen con- 
tents less than 0.1 per cent, have probably little effect on the general 
properties.of the alloys, Tritton and Hanson,® for example, showed 
that oxygen has no large effect on the mechanical properties of iron 
when its concentration is as much as 0.2 per cent. In like concentra- 
tion it was reported to have no effect on the transformation tempera- 
tures. Above the concentration corresponding to solid solubility 
(0.05 per cent), it has relatively no effect on electrical resistivity® or 
magnetic permeability. 

Likewise in 18-8, no major effect of oxygen is expected, a fact 
which is indicated by the parallel properties, listed later, of the above 
austenitic alloys compared with commercial alloys. Were oxygen 
entirely eliminated, it is expected that, of all properties, thermal and 
electrical conductivities, and magnetic permeability would be affected 
most, with less effect on other properties. 















































































SF. Tritton and D. Hanson, Journal, Iron Steel Institute, London, Vol. 110, 1924, p. 90. 


°C. H. Herty, Jr., J. Gaines, Jr., B. Larsen, W. Simkins, R. Geruso and S. Watkins, 
“The Physical Chemistry of Steel Making, Mining and Metallurgical Investigations”, Bul- 
letin 34, U. S. Bureau of Mines, Carnegie Institute of Technology and Metallurgical 
Advisory Board, 1927. 
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Photomicrographs of Ferritic (Heat No. 1) and Austenitic (Heat No. 5) 18-8. 
Fig. 2—a. Heat No. 1, Chill Cast. b. Heat No. 1, 2 Hours at 1120 Degrees Cent.. 


Water Quenched. c. Heat No. 1, 530 Hours at 1120 Degrees Cent., Water Quenched. 
d. Heat No. 5, Chill Cast. x 150. 
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Photomicrographs of Austenitic (Heat No. 5) 18-8. 


Fig. 2—e. Heat No. 5, 2 Hours at 1120 Degrees Cent., Water Quenched. f. Heat 
No. 5, 50 Hours at 1120 Degrees Cent., Water Quenched. xX 150. 


PROPERTIES OF AUSTENITIC AND FERRITIC 18-8 


The properties of the various heats are listed in Table II. 
Average properties of the commercial alloy’ are listed for comparison. 
Except as otherwise indicated, the specimens for test were obtained 
from the alloys heat treated for 50 hours at 1120 degrees Cent. (2050 
degrees Fahr.) and water quenched. Mechanical properties -are 
averaged for two tensile specimens, except in the case of Heat No. 3, 
for which only one test specimen was available. The mechanical 
properties were obtained using the standard %4-inch diameter, 2-inch 
gage length specimens. 

Magnetic permeabilities of ferritic 18-8 were measured by the 
ballistic method employing ring specimens 1.2 inch (3 centimeters) 
in diameter ; for austenitic 18-8, by use of the permeameter employ- 
ing a bar specimen. All specimens were cut from the forged annealed 
sheet and, after machining to size, were annealed for an additional 
hour at 1120 degrees Cent. (2050 degrees Fahr.), then water 
quenched and pickled. The magnetic transformation, or Curie tem- 
perature, was determined by the ballistic method at H = 450, the 
specimen and thermocouple being contained in hydrogen atmosphere 


7Symposium on High Strength Constructional Metals, E. Thum, American Society for 
Testing Materials, 1936 S. 31. 
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Table 11—Continued 


Commercial 
MISCELLANEOUS PROPERTIES Heat No. 1 Heat No.5 18-8 (Thum) 


Electrical Resistivit 
Annealed Wire, Quenched from 1150° C., 
Microhms/cc, Room (Temperature 93.5 68. 70. 
Cold Drawn Wire, 0,030” to 0.010” 89. 92.0 noe 
Thermal Conductivity, 
cal/sec/sq. cm/deg. C/cm 0.037 0.051 0.04 
: (No. 2 Heat) 
Specific Heat, 
cal/gm : 0.113 0.116 0.12 
Coefficient of Expansion, | 
xX 10% . 
100°-200° C. 10.8 18. 18.7 
200°-500° C. 11.8 18.9 (20°-600° C.) 
800°-900° C. 20.7 20.6 ahes 
(800°-875° C.) 


in a wire-wound furnace whose heating and cooling rate was fixed at 
6 degrees Cent. (11 degrees Fahr.) per minute. The A, tempera- 
tures were obtained by extrapolation to the temperature axis of the 
steepest tangent to B-H plotted with temperature. 

Thermal conductivity was measured at room temperature by 
noting the temperature gradient of a bar specimen compared to that 
of a commercial nickel specimen of the same size. Both specimens 
were in turn compared with standard pure zinc rods mounted in 
series with the 18-8 or nickel specimen. Heat flow was regulated 
between a wire-wound oven and an ice bath so that the ‘average 
temperature of the heat-conducting specimen was at room tempera- 
ture. The thermal conductivity of nickel so determined was 0.152 
cal/sec/sq. cm/deg. C/em compared with the reported value® of 
0.145. The absolute values for 18-8 could be checked by comparison 
with zinc and nickel and are estimated accurate to within + 10 per 
cent. The relative values are somewhat more precise. 

The coefficients of expansion were measured using a photo- 
graphically recording differential dilatometer, detailed results of 
which are given later. 

Electrical resistivity was measured at room temperature for 
wire cold drawn with intermittent annealing to 0.030 inch (.076 
cm.), finally without further annealing to 0.010 inch (.025 cm.) 
diameter. The heat treated 0.010-inch diameter wire for resistance 
measurements was heated in air at 1150 degrees Cent. (2100 de- 
grees Fahr.) by controlled current flow for 15 seconds, then air 
quenched. Heat treatment in pure hydrogen or nitrogen produced 


8International Critical Tables, Vol. 5, 1929, p. 220. 
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changes in composition of the wire, the nature of which is dis- 
cussed later, hence the air anneal was preferred. 

Because the ferritic alloys, after quenching, undergo a delayed 
phase transformation at room temperature, values of resistivity are 
for wires aged nine days, after which no appreciable change in 
resistance occurred. For the same reason all properties of heat- 
treated ferritic 18-8, given in Table II, are for specimens aged at 
least several days. 

Specific heat determinations were made by noting the tem- 
perature rise of a known quantity of water on immersing speci- 
mens at a definite higher temperature. The values are estimated 
accurate to + 3 per cent. 

Corrosion determinations were completed using three different 
methods. The first employed 10 per cent FeCl,-6 H,O in 0.05 N 
HCl contained in a so called Drop-tester® *° designed for stainless 
steels. In this apparatus, a circular area of test metal (0.89 square 
inch, 5.74 square centimeters) is exposed for 4 hours to a constantly 
renewed test solution of ferric chloride at room temperature. Cor- 
rosion, as in all the tests, was measured as weight loss per unit 
area. The severity of corrosion could also be-estimated by the num- 
ber and depth of pits. When corrosion took place along the air- 
ferric chloride interface, making not a true, but a broad, shallow 
pit, as was the case with some alloys, this condition is indicated 
by “e.a.”, signifying edge attack. When weight loss was small (5-10 
mg/sq.dm/hour), edge attack represented a negligible penetration. 
Surfaces for test were pickled in fifty volume per cent of equal 
parts concentrated HCl and H,SO, at 80 degrees Cent. (175 de- 
grees Fahr.) for five minutes. Each recorded weight loss or num- 
ber of pits is the average for two specimens. Checks were within 20 
per cent of the mean for each alloy except for those specimens 
whose weight losses were very low (1-2 mg/specimen equal to 4.4- 
8.7 mg/sq.dm/hour). Corrosion weight loss for ingot sample of 
No. 3 Heat was not available because of the porous nature of the 
ingot produced by rapid evolution of hydrogen on chill casting. 

Salt spray tests were carried out in equipment designed accord: 
ing to the tentative method, B-38T, of A.S.T.M. Surfaces of speci- 


°H. A. Smith, Progress Report No. 2 to Chemical Foundation, Corrosion Committee 
Massachusetts Institute of Technology, September 28, 1936. 


1H. A. Smith, Metat Procress, Vol. 33, 1938, p. 596. 
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mens measuring approximately 3 by 1 by % inch were electro- 
lytically polished, which is equivalent to a bright pickled surface, 
and exposed to the spray of natural sea water (pH =— 8) for four 
weeks. The back faces of the specimens were protected by a paraf- 
fin coating. Determinations were carried out simultaneously for 
three specimens for each heat and these averaged. No pitting or 
rusting was observed, and the weight losses were small. 

Salt immersion tests were conducted by immersing the speci- 
mens in 4 per cent NaCl for 24 hours at 90 degrees Cent. (195 
degrees Fahr.) with aeration and stirring produced by a flow of air 
through the cell at a rate of 65 cubic centimeters per minute. The 
samples, previously pickled in the HCI-H,SO, mixture, as described 
before, measured approximately 3 by 1 by % inch and were tested 
in triplicate. Deviations from the mean weight loss were a maxi- 
mum of 20 per cent. The apparatus used in this test has been pre- 
viously described.* 

The annealed austenitic alloy, Heat No. 5, was more resistant 
to ferric chloride than any commercial steels tested using the same 
method by a factor varying from 2 to 10. The oxygen present as 
inclusions in all the heats plays no major role, therefore, in the initia- 
tion of pits in ferric chloride. In 4 per cent NaCl at 90 degrees Cent. 
(195 degrees Fahr.), commercial steels were found to be at least com- 
parable in corrosion resistance, and some commercial steels were 
found better than No. 5 Heat by a factor of as much as 6. Differ- 
ences in the rate and nature of attack by ferric chloride and sodium 
chloride have been briefly pointed out previously.. The difference in 
rating of the steels by the two solutions resides apparently in the 
manner of attack by ferric chloride, which is largely by formation of 
pits, with very little or no weight loss through general surface attack, 
contrasted with sodium chloride solutions at elevated temperatures, 
which attack the alloy specimens by both processes. What differences 
exist in the above alloys compared with commercial 18-8 to account 
for the variation in general surface and pitting attack are not defi- 
nitely known. 


DISCUSSION OF PROPERTIES 


It is apparent from a comparison of properties in Table II that 
the austenitic nitrogen-containing 18-8’s, Heats 4 and 5, closely ap- 
proximate the average properties of commercial 18-8. The ferritic 
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nitrogen-free 18-8’s have properties most of which are unique to the 
alloy, some of which resemble the properties of commercial 17 per 
cent chromium-iron. A comparison of commercial 17 per cent chro- 
mium-iron alloy properties, listed by Thum’ (with exceptions as 
indicated) is given in Table III. Of particular interest are (1) The 
higher yield strength of ferritic 18-8 compared with the 17 per cent 
chromium alloy by a factor of two. (2) The lower value for elon- 
gation in 2 inches for which ferritic 18-8 is approximately half. 





Table Ill 
Comparison of Commercial 17 Per Cent Chromium-Iron with Ferritic 18-8 









17 Per Cent Chromium Ferritic 18-8 























Mechanical um) Heat No. 1 
Tensile stren Y (p.s. i 100,000 113,000 
Yield strengt 5 -8.i.) 86,900 
Elongation > % 15% 
Hardness (Brixell) 175 246 

Magnetic 
Permeability, 

= 100 14701 66.9 
Transformation, Are 676° C. (18.2% Cr)” 628° C. 
Density, gm/cc 7.6 7.74 

Corrosion (annealed cone) 

Weight loss in ma/one m 
— FeCl; * 6H,O in 
5 N HCl, per hour 2531 10.4 
se NaCl at ‘90° C., per day 38.3 27.3 

Electrical Resistivity, 
microhms/cc 59 93.5 

Thermal Conductivity, 

cal/sec/sq.cm/deg.C/cm .058 .037 (No. 2 Heat) 
Specific Heat ll 113 
Coefficient of Expansion x 10 12. 11.8 
(0-500° C.) 200° -500° C.) 


uC. Webb, Journal, Iron and Steel Institute, London, Vol. 124, 1931, p. 141. 
LF, Adcock, Journal, Iron and Steel Institute, London, Vol. 124, 1931, p. 130. 





(3) Hardness, the ferritic 18-8 having a value 1.4 times that of 17 
per cent chromium-iron. (4) The corrosion resistance for which 
ferritic 18-8 is better in the ferric chloride test by a factor of 24 
and in the 4 per cent NaCl at 90 degrees Cent. (195 degrees Fahr.) 
by a factor of 1.4. The difference was not as great for a 17 per cent 
chromium-iron produced under the same vacuum conditions from 
identical sources of electrolytic chromium and iron, and heat treated 
for 1 hour 20 minutes at 1120 degrees Cent. (2050 degrees Fahr.), 
then water quenched. The latter alloy lost only 91 mg/sq.cm/hour in 
the ferric chloride test. No test in NaCl was made. (5) Electrical 
and thermal conductivity, for which the commercial 17 per cent chro- 
mium alloy conducts approximately 50 per cent better than the 
ferritic 18-8. A pure 18.2 per cent chromium alloy prepared by 
Adcock** and used in his measurements of electrical resistivity con- 
48, Adcock, Journal, Iron and Steel Institute, Vol. 124, 1931, 110. 
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ducted still better than the commercial alloy, the resistivity being 
40.9 microhms per centimeter cube. 

The transformation from ferromagnetism to paramagnetism 
(A, temperature) for ferritic 18-8 occurs at a temperature which 
approximates the ‘transformation temperature observed by Adcock 
for 18 per cent chromium-iron alloy. This magnetic transforma- 








84.3 (Max.at H=50) 







Austenitic 18-8 





. Kerritic 18-8 






Fig. 3—Comparison of Properties of Ferritic and Austenitic 18-8. 





tion, like that of the chromium-iron alloys, is independent of phase 
transformation from a to y, although, as shown later, it occurs in 
the same approximate temperature region. The large hysteresis in 
phase transformation, unlike the smaller hysteresis in magnetic trans- 
formation, makes it relatively easy to distinguish between the two. 








CoMPARATIVE PROPERTIES OF 18-8 LATTICES 





A phase-pure ferrite was not produced directly by vacuum 
melting, but the X-ray photograms (Fig. 1) show that austenite 
present in Heats No. 1 and No. 2 constitutes but a minor percentage 
of the alloys. A comparison, therefore, of the two 18-8 alloys, 
Heats No. 1 and No. 5, of essentially the same composition, but dif- 
fering in lattice structures, is a comparison of the body-centered cubic 
lattice (ferrite) with the face-centered cubic lattice (austenite) at 
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room temperature. Because such a comparison is of interest from 
more than one standpoint, the ratios of properties are presented in 
Fig. 3. 

The magnetic properties show by far the largest differences. 
The electronic configuration of the body-centered cubic lattice for 
18-8 is accordingly significantly different from that of the face- 
centered lattice. This is also indicated by differences in the appar- 
ent radii of the metal atoms in the two lattices. The observed ratio 
of densities of austenitic to ferritic 18-8 is 1.02. On the basis of 
lattices made up of spheres with constant radius, the calculated 
ratio of densities of the face-centered to the body-centered cubic 
lattice is 1.09. The lower observed value illustrates that metal atom 
radii are a function of the particular lattice of which they are a part. 

The similarity in specific heats of the two phases is not unex- 
pected. Since the heat capacity at room temperature per gram atom 
for most of the metals is a constant (6.0 calories, Rule of Dulong 
and Petit) it follows that the ratio of values should be nearly unity. 

The higher yield strength of ferritic 18-8 compared with that 
of austenitic 18-8 illustrates the relative difficulty of slippage in the 
body-centered cubic lattice as compared with the face-centered cubic 
lattice. Account should be taken, however, of the additional factor 
of extremely small grain size of ferritic 18-8, produced, as dis- 
cussed later, by phase transformation, compared with the larger grain 
size of single phase austenite. 

The coefficient of expansion of ferritic 18-8 is about 40 per 
cent less than that of austenitic 18-8 at low temperatures but is 
identical above approximately 725 degrees Cent. (1335 degrees 
Fahr.). This is part of the evidence that has been obtained to 
show that ferritic 18-8 becomes austenitic at high temperatures. 

The tensile strengths are comparable largely because austenitic 
18-8 before fracture is converted to cold-work ferrite by deforma- 
tion during the test. 

The electrical conductivity of the face-centered cubic 18-8 (aus- 
tenitic) is approximately 38 per cent greater than for the body-cen- 
tered arrangement. The cold drawn austenitic alloy, which, through 
drawing, has undergone a phase change to ferrite, conducts, as ex- 
pected, of the same order as the cold drawn ferritic alloy. The 
slightly higher value of the resistivity for cold drawn No. 5 alloy 
is apparently due to the 0.24 per cent nitrogen. 

The thermal conductivity of austenitic 18-8, like the electrical 
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conductivity, exceeds that of ferritic 18-8 by approximately 38 per 
cent. These large differences in conductivity are again evidence that 
the electronic structures differ in the two lattices. 

The averaged corrosion data for ferritic Heats No. 1 and No. 
2 have been used in Fig. 3 for comparison with austenitic Heat No. 
5. The corrosion resistance of annealed and homogenized ferritic 
18-8 compared with austenitic 18-8 as gaged by weight loss must be 
considered nearly the same. There is an observable greater tendency 
for ferritic 18-8 to form many minute pits in ferritic chloride as 
compared with austenitic 18-8 of similar heat treatment, but the lat- 
ter, if pitting occurs, corrodes by one or two relatively large and 
deep pits or edge attack. Some ferrite in austenite tends to increase 
weight loss in ferric chloride, as illustrated by Heat No. 4. The 
larger weight loss of Heat No. 3 compared with No. 1 and No. 2 
may be due to either the larger amount of austenite present or to 
porosity caused by a gassy ingot or both. 

As cast, the vacuum melted 18-8 (ferritic) corrodes in ferric 
chloride much more than the nitrogen melted alloy (austenitic). This 
difference persists in alloys heat treated for 2 hours at 1120 degrees 
Cent. (2050 degrees Fahr.) but disappears after a 50-hour heat 
treatment. The differences are shown graphically in Fig. 4. Pre- 
sumably pit nuclei, despite the purity of the alloys, are a sensitive 
function of heat treatment. This is more so the case for vacuum 
melted 18-8 than for the alloy containing a few tenths per cent of 
nitrogen. There is greater probability, considering all factors, that 
these pit nuclei arise out of inhomogeneities and segregations intrin- 
sically a property of the alloy than that their cause originates in car- 
bide precipitation. For example, similar low carbon (<0.01 per cent) 
vacuum or nitrogen melted alloys heated within the carbide precipi- 
tation range of temperature at 600 degrees Cent. (1110 degrees 
Fahr.) for 96-112 hours showed no intergranular corrosion in the 
boiling copper sulphate-sulphuric acid test**, as evidenced ‘by bend- 
ing or microscopic examination. The copper sulphate test is also 
evidence that 0.2 per cent nitrogen in solid solution in contrast to 
carbon does not tend to precipitate out at the grain boundary as 
nitride or any other compound to stimtlate preferential corrosion 
of the grain interface. The corrosion resistance in ferric chloride 
144111 gms CuSO,°5 H,O. 

98 gms conc. H2SO,. 


_1 liter water. 
Boiling temperature for 48 hours. 
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Fig. 4—Effect of Heat Treatment on Corro- 
sion of 18-8 in Ferric Chloride. 


suffered, however, by this 600 degrees Cent. (1110 degrees Fahr.) 
heat treatment. Typical data are presented in Table IV. The same 
trend was shown by ferric chloride corrosion of Heats No. 1 and 
No. 5. Ferritic Heat No. 1 lost 87.5 and Austenitic Heat No. 5 lost 
21.3 mg/sq.dm/hour after l-hour treatment at 600 degrees Cent. 
(1110 degrees Fahr.), compared with weight losses of 10.4 and 6.3 
mg/sq.cm/hour (Table II) for the 1120 degrees Cent. (2050 de- 
grees Fahr.) annealed and quenched alloys. 

Any hypothesized role of nitrogen in forming corrosion nuclei 
is ruled out by the appearance of greater numbers of corrosion pits 
in the alloy free of nitrogen as illustrated by data of Table II. Nitro- 
gen, on the contrary, diminishes the numbers of such nuclei. 
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EFFECT OF PREFERRED CRYSTAL ORIENTATION 
ON MAGNETIC PROPERTIES 


Austenitic 18-8 which is cold-worked becomes magnetic, this 
change accompanying the transformation of the thermodynamically 
unstable austenitic to the stable ferritic phase. The intrinsic induc- 
tion, B-H, of the cold-worked alloy has been used to estimate the 
per cent ferrite in the 18-8 austenite-ferrite mixture. Aborn and 


Table V 


The Magnetic Permeability and Electrical Resistivity of 18-8 Wire Compared with 
Machined Forgings. The Effect of Hydrogen Anneal. 


Wire .010” diameter (.0254 cm) 


Cold Drawn Annealed in Ng Annealed in Hg 
Forging, Annealed .030”(.076cm) 1150 Degrees Cent., 1150 Degrees Cent., 


1150 Degrees Cent., to .010” 5 min., 12 Hours 
Heat No. Water Quenched (.0254 cm) Quenched in Ng Quenched in Hz 
No. 1, Ferritic 
Permeability 
H = 100 66.9 105 107 101 
H = 500 20.8 38 44 33 
Resistivity 
Microhms/cc au 89 88 92 
No. 2, Ferritic 
Permeability 
H = 100 53.2 97 101 93 
H = 500 16.9 30 43 32 
Resistivity 
Microhms/cc 91 87 88 91 


No. 5, Austenitic 
Permeability 
ss I 


H = 100 non-magnetic 81 non-magnetic 86 

H = 500 25 34 
Resistivity 

Microhms/cc 68 92 68 89 


Bain*® estimated that the intrinsic or ferritic induction B-H for cold 
work ferrite of 18-8 composition is 13,000 at field strength H = 
500. Noting values for the permeability of the ferritic heats at H 
= 500 (Table II), the calculated values for B-H where B = pH 
and yp is the permeability, are 9900, 7950, and 8200 for the annealed 
18-8 heats 1, 2, and 3. These values as a measure of the amount 
of ferritic 18-8 place the heats in the following order of decreasing 
per cent ferrite: 1>3>2. X-ray intensities shown in Fig. 1, how- 
ever, require that the amounts of ferrite are in the order 1>2>3. 
The general but not exact correspondence in X-ray and magnetic 
analyses of ferrite in cold-worked 18-8 was noted by Aborn and 
Bain.*® 

Values for the induction of heat treated 18-8 ferrite are lower 


%5R. Aborn and E. Bain, Transactions, American Society for Steel Treating, Vol. 18, 
1930, p. 837. 
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than Aborn and Bain’s value for cold work ferrite. The difference 
appears to be caused by changes induced by, or accompanying, cold 
work and not by any small amount of austenite remaining in the 
annealed ferritic alloys. This is indicated by much higher perme- 
ability measurements of cold drawn wires of the same composition 
as the heat treated forgings. The data are listed in Table V. The 
permeability of specimens in ring form cut from a forged, annealed 
sheet are compared with wire from the same ingot. Magnetic meas- 
urements of the wire in ring form were like those for the solid rings 
by the ballistic method. The wire was prepared as described for 
resistivity values listed in Table II. For values of heat treated wire, 
the 0.010-inch diameter cold drawn wire was heated in deoxygenated 
N, at 1150 degrees Cent. (2100 degrees Fahr.) by a controlled elec- 
tric current, the temperature of the wire being measured by an opti- 
cal pyrometer. Annealing in hydrogen was conducted in an electric 
furnace containing O,-free dry hydrogen with thermocouple tem- 
perature control. 

The cold drawn and heat treated wires all have a definitely 
higher permeability than the forged specimens and except for the 
No. 5 austenitic alloy exceed by as much as 65 per cent the value 
of the induction given by Aborn and Bain. The cold drawn No. 5 
alloy, consisting of transformed austenite, has a value for BLH equal 
to 12,000 at H = 500, this corresponding with fair agreement to 
Aborn and Bain’s value of 13,000 for cold work ferrite. 

The reason for the higher permeabilities of the ferritic wires 
compared with values for the forgings is ascribed to a factor other 
than strain and cold work of the alloy since the annealed wires pos- 
sess the same or higher permeability. This other factor must be 
preferred crystal orientation. The influence of orientation on the 
magnetic properties of iron and some of its alloys has already been 
studied and is reviewed in the literature.*® Cold rolling or drawing 
tends to orient crystals of a metal in the direction of rolling or draw- 
ing. Iron crystals, for example, which are known to be magnetically 
anisotropic, tend by these mechanical processes to align themselves 
along preferred axes. These axes for iron happen to exhibit larger 





%],, McKeehan, Transactions, American Institute of Mining and Metallurgical Engi- 
neers, Vol. 111, 1934, p. 11. 
H. Williams, The Physical Review, Vol. 52, 1937, p. 747. 
R. Bozorth, The Physical Review, Vol. 50, 1936, p. 1076, and Journal of Applied 
Physics, Vol. 8, 1937, p. 575. 
. Tarasov, Transactions, American Institute of Mining and Metallurgical Engineers, 
Vol. 135, 1939, p. 353. 
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magnetic permeability. In ferritic 18-8, the situation appears to be 
similar, the directionally oriented crystals in wire accounting for 
higher values of the permeability than for the ingot or forging where 
less orientation exists. Once established, preferential orientation is 
not disrupted but persists throughout heat treatment. By use of the 
X-ray, preferred orientation in the above 18-8 wires, both before 
and after annealing, was demonstrated, which supported conclusions 
drawn from the permeability measurements. In establishing the 
quantity of ferrite in austenite, magnetic determinations are, there- 
fore, very sensitive to directional orientation of, as well as the amount 
of ferrite present, more so than are X-ray determinations. Discrep- 
ancies between X-ray and magnetic determinations, observed by 
Aborn and Bain, and appearing again in our measurements for 
forged and annealed 18-8 ferrite, can plausibly be explained by this 
factor. 

It is observed that the electrical resistivity of 18-8 included in 
Table V is less sensitive to orientation than is magnetic permeability. 
The resistivity of a No. 5 Heat forged and machined sheet, 6 inches 
(15.2 cm) by % inch (1.9 cm) by 5 inch (0.16 cm), heat treated 
at 1150 degrees Cent. (2100 degrees Fahr.) and water quenched, 
was 68.1 microhms per cubic centimeter compared with the value 
68 microhms per cubic centimeter for the heat treated in air and 
quenched 0.010-inch (0.025 cm) diameter wire. Similarly, a Heat 
No. 2 swaged and machined cylinder, 4 inch (0.64 cm) in diameter 
and 4 inches (10.2 cm) long, measured 90.6 microhms per cubic cen- 
timeter compared with the value 91 for 0.010-inch diameter wire. It 
is expected, this being the case, that the resistivities of the ferritic 
heats containing small amounts of austenite significantly decrease 
with,increasing austenite because of the large difference which exists 
in the resistivity for pure austenite and pure ferrite. The resistivi- 
ties of Heats No. 1, No. 2, and No. 3 as measured for the heat 
treated wires [1150 degrees Cent. (2100 degrees Fahr.) in air for 
15 sec., quenched] and aged for nine days are 93.5, 91.4, and 89.7 
microhms per cubic centimeter, which places the amount of ferrite 
in each alloy in the following order: 1>2>3. This order is the same 
as that qualitatively determined by X-ray. 

An important result contained in the data of Table V is that 
austenitic No. 5 wire becomes strongly ferromagnetic after a 12-hour 
hydrogen anneal. This is due to removal of nitrogen by reaction 
with hydrogen as explairied in the next section. A change of nitro- 
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gen content of the alloy also explains the intermediate resistivity 
values for ferritic wires annealed in nitrogen for five minutes (fourth 
column, Table V). 


' DIFFUSION OF NITROGEN IN 18-8 


































The decarburization of iron alloys by hydrogen has been recog- 
nized for a long time, but the nitrogen solid solubility in iron and 
steel as normally produced is so small that any analogous denitrid- 
ing has not been of great importance. Nitrogen is, however, much 
more soluble in chromium and its many alloys, where in the appreci- 
able amounts it is found, it exercises from small to considerable 
influence on their properties. Its effect in 18-8 is one of the more 
striking instances. The results of Table V for Heat No. 5 show 
that if austenitic 18-8 is heated for sufficient time in hydrogen at a 
high temperature, the resulting alloy has properties resembling nitro- 
gen-free ferritic 18-8. Not only does the alloy become ferromag- 
netic, but the resistivity at room temperature changes from 68 mi- 
crohms per cubic centimeter-before 12-hour treatment to 89 mi- 
crohms per cubic centimeter afterward. The alloy structure, in 
addition, becomes martensitic (Fig. 5), and an X-ray photogram 
shows appearance of strong ferrite lines together with the) austenitic 
pattern. This must be caused by loss of dissolved nitrogen. 

The diffusion of nitrogen out of the alloy by reaction with 
hydrogen suggested the reverse experiment of diffusing nitrogen 
into the alloy. Because chromium nitride is relatively stable at tem- 
peratures up to and above the melting point of the alloy, this 
diffusion, it is reasonable, would be accomplished by heating in 
molecular nitrogen. This is in contrast to iron, for which the 
nitride forms only at lower temperatures. The experiment was tried 
in which 0.010-inch diameter wire of Heat No. 1 was heated at 1150 
degrees Cent. (2100 degrees Fahr.) for periods up to 14 hours in 
nitrogen previously dried with CaCl, and passed over 23 inches (58 
centimeters) of heated copper gauze to remove oxygen. The evi- 
dence was conclusive that at the end of this period nitrogen had 
diffused into the wire. The resistivity of the wire decreased, the 
magnetic permeability decreased, and the structure under the micro- 
scope changed from a martensitic pattern to typical austenite. 

It was found later that the diffusion was considerably speeded 
by using purer nitrogen. With the addition of liquid air traps both 
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before and after the copper gauze tube to more effectively remove 
condensable impurities, the nitrogen was sufficiently improved so 
that ferritic wire became austenitic within five minutes at 1150 de- 
grees Cent. (2100 degrees Fahr.). The resistivity of Heat No. 1 
wire so treated fell from its original value of 92 microhms per cubic 
centimeter to 71.4 microhms per cubic centimeter. Its austenitic struc- 
ture is shown in the photomicrograph of Fig. 6. Austenitic Heat No. 
5 wire treated in O,-free hydrogen (purified in like manner) for a 
period of five minutes at 1150 degrees Cent. (2100 degrees Fahr.), 
became ferritic and correspondingly ferromagnetic. Its resistivity 
increased from 68 microhms per cubic centimeter to 77 microhms 
per cubic centimeter immediately after heating, which value, because 
of continued phase transformation from y to a at room temperature, 
became 86 microhms per cubic centimeter after a period of 17 days. 
This compares with the value 92 microhms per cubic centimeter for 
relatively phase-pure 18-8 ferrite. The martensitic appearance of the 
converted wire is shown in Fig. 7. The process of converting a wire 
into austenite or ferrite was reversible and was easily accomplished 
by changing the atmosphere surrounding the heated wire to hydro- 
gen or nitrogen. 

In addition photomicrographs are shown in Figs. 8 and 9 of 
Heats No. 1 and No. 5 wires annealed in air at 1150 degrees Cent. 
(2100 degrees Fahr.) for 15 seconds and air quenched. For these 
wires, no appreciable gas diffusion took place and phases at room 
temperature are those expected from the known composition. The 
smaller grain size of No. 5 wire is evidence of the shorter-time heat 
treatment, which was sufficient, however, to convert all cold-work 
ferrite into austenite. 

When the gas atmosphere is not so carefully purified, as, for 
example, results from drying with CaCl, alone, the diffusion of 
nitrogen into ferritic 18-8 takes place at a slow rate. This is shown 
by data of Table V, in which ferritic wires heat treated in nitrogen 
for five minutes show only a 3 to 4 per cent decrease in resistivity 
because of partial conversion to austenite. Ferritic 18-8, heated in 
air, slowly oxidizes, but in no instance was it found that sufficient 
nitrogen had diffused into the alloy for periods up to 50 hours at 
1150 degrees Cent. (2100 degrees Fahr.) to be analyzable, or enough 
to convert the alloy partially to austenite at room temperature. For 
appreciable diffusion, the nitrogen must be pure. 
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Fig. 5—Heat No. 5, 0.010 Inch Wire, Previously Austenitic, 12 Hours in Hydrogen 
at 1150 Degrees Cent. X 150. 

Fig. 6—Heat No. 1, 0.010 Inch Wire, Previously Ferritic, 5 Minutes in Nitrogen at 
1150 Degrees Cent. X ‘150. 

Fig. 7—Heat No. 5, 0.010 Inch Wire, Previously Austenitic, 5 Minutes in Hydrogen 
at 1150 Degrees Cent. X 150. 
© Fig. a No. 1, Cold Drawn 0.010 Inch Wire, 15 Seconds in Air at 1150 Degrees 
ent. X 

Fig. 9—Heat No. 5, Cold Drawn 0.010 Inch Wire, 15 Seconds in Air at 1150 Degrees 
Cent. x 150. 


Hydrogen, likewise, not carefully dried and freed of oxygen is 
without rapid effect on austenitic 18-8. It was possible, for that 
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reason, to use an unpurified hydrogen atmosphere to protect from 
excessive oxidation the specimens used in the dilatometer, which at 
the highest temperature reached 1000 degrees Cent. (1830 degrees 
Fahr.). A nitrogen atmosphere used alternatively did not alter the 
curves representing extension of the specimen versus temperature, 
again because gas diffusion into or out of the alloy could be neglected. 
With a purer gas, this would not necessarily be true. 

Ferritic 18-8 heated in purified hydrogen for periods as long as 
12 hours undergoes no noticeable change in properties or in micro- 
structure. An X-ray photogram of the wires showed, however, the 
complete disappearance of austenitic lines. It appears possible, 
therefore, to prepare relatively phase-pure 18-8 ferrite by heating 
the 18-8 alloy in purified hydrogen for several hours at a sufficiently 
high temperature (approximately 1100 degrees Cent. (2010 degrees 
Fahr.). 


THe Rove or NITROGEN IN 18-8 


The equilibrium diagram proposed by Bain and Aborn” indi- 
cates that 18-8 containing 0.01 per cent carbon is stable as ferrite 
below approximately 400 degrees Cent. (750 degrees Fahr.) and as 
austenite above 650 degrees Cent. (1200 degrees Fahr.). Sluggish- 
ness of phase transformation accounts for the appearance of austenitic 
rather than ferritic phase at room temperature when the alloy is 
quenched from high temperatures. Bain and Aborn did not specify 
the nitrogen content of the 18-8 to which their diagram corresponds. 
The absence or presence of nitrogen, however, undoubtedly alters to 
some extent the temperatures of phase transformation, the order of 
magnitude of which can be estimated from Krivobok’s*® measure- 
ments of the effect of nitrogen on the iron-chromium , diagram. 
Krivobok found that nitrogen imparted the same qualitative effect 
as carbon and on some properties exerted greater effect for equal 
weight percentages. 

The a to y phase temperatures for ferritic 18-8’s, Heats No. 1 
and No. 2, were estimated using the dilatometer. No attempt was 
made to determine how temperatures so obtained differ from the 
equilibrium temperatures. The dilatometer employed was a pho- 
tographically recording differential type in which the specimen, 1.9 
inch (4.8 centimeters) long by 0.15-inch (0.38 centimeter) diameter, 


“”E. Bain and R. Aborn, Metals Handbook, American Society for Metals, 1939, p. 421. 
%V. Krivobok, Transactions, American Society for Metals, Vol. 23, 1935, p. 
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Fig. 10—Heat No. 5, Austenitic 
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Fig. 11—Heat No. 1, Ferritic. Heating and Cooling Rate 135 
Degrees Cent. Per Hour. 








972 TRANSACTIONS OF THE A. S. M. December 


machined from the forged, annealed ingot, was heated and cooled 
in hydrogen. The heating and cooling rate, unless otherwise specified, 
was at 2% degrees Cent. per minute (135 degrees Cent. per hour) 
with maximum temperature of heating to 1000 degrees Cent. (1830 
degrees Fahr.). The cooling rate below 200 degrees Cent. (390 de- 





aN 





% 


S 























O 10 200 300 400 500 600 700 800 900 
lemperature, C. 


Fig. 12—Heat No. 2, Ferritic. Heating and Cooling Rate 135 
Degrees Cent. Per Hour. 


grees Fahr.) was somewhat less than the normal rate. At 100 de- 
grees Cents (210 degrees Fahr.), for example, it was 0.9 degrees 
Cent. per minute. Specimen extension was automatically recorded 
for all temperatures below 950 degrees Cent. (1740 degrees Fahr.). 

Typical curves are reproduced in Figs. 10 to 12. Austenitic 
Heat No. 5, as expected, exhibits only simple expansion and contrac- 
tion with no evidence of phase transformation. The curve for Heat 
No. 4 was similar. The specimen returned, after each heating 
cycle, except for a very slight effect, to its original dimensions. 
Several runs of ferritic Heats No. 1 and No. 2 showed that the 
alloys go through a phase change from a to y, which on heating be- 
gins at 475 to 500 degrees Cent. (885 to 930 degrees Fahr.), be- 
comes most rapid at 610 to 630 degrees Cent. (1130 to 1165 degrees 
Fahr.), and is complete at 760 to 810 degrees Cent. (1400 to 1490 
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degrees Fahr.). On cooling, the reverse transformation to ferrite 
was found in all runs to take place only at the low temperature of 
approximately 100 degrees Cent. (210 degrees Fahr.) for Heat No. 2 
and at approximately 115 to 125 degrees Cent. (240 to 255 degrees 
Fahr.) for Heat No. 1. At this temperature, the transformation is 
rapid, but it does not immediately go to completion on return to 
room temperature or by reducing to liquid air temperatures. A 
small increase in length of the specimen of several thousandths of 


Basanaana 









































O 4 8 2 6 20 IDay — 2 Days 
Hours Time After Quench fram 1150 °%. 


Fig. 13—Change in Resistivity with Time Accompanying y — a Transformation at 
Room Temperature. Heat No. 2. 


an inch continues for a matter of some days. The typical phase 
transformation with time measured for ferritic Heat No. 2 wire by 
resistivity change at room temperature is shown in Fig. 13. This 
wire, previous to measurement, was heated in air for 15 seconds at 
1150 degrees Cent. at which temperature the alloy is austenitic. 
The phase change to ferrite continues only slightly after the first day. 

Ferritic Heat No. 3 was similar in behavior, except that con- 
traction at the phase transformation was considerably less than for 
Heats No. 1 and No. 2. Its coefficient of expansion at the lower 
temperature range (15 x 10°*) was intermediate between austenite 
and ferrite. 
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The ferritic dilatometer specimens after aging do not return to 
their exact dimensions as do the austenitic specimens, but suffer a 
permanent shrinkage on each heating cycle. This contraction 
amounted to an average of 0.00236 inch (0.0060 centimeter) in 1.9 
inch (4.8 centimeters) for each cycle, a contraction which was found 
approximately reproducible for seven successive runs of Heat No. 2 
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Fig. 14—Heat No. 2, Ferritic. Heating and Cooling Rate 20 De- 
grees Cent. Per Hour. 
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and two runs of Heat No. 1. It was concluded that a linear con- 
traction of the specimen took place with attendant increase in cross 
section so as to retain constant volume. This explanation was sup- 
ported by the calculated increase of 0.00065 inch (0.00165 centimeter ) 
in the 0.15 inch (0.38 centimeter) diameter specimen for seven heat- 
ing cycles, assuming constant volume, as compared with an observed 
increase of 0.0006 inch (0.00152 centimeter). Apparently the alloy 
atoms undergoing phase transformation are in a labile state suffi- 
ciently long so that surface tension effects become significant in 
tending to bring the cylindrical specimen to spherical shape. 

The curve of Fig. 14, in which a Heat No. 2 specimen is heated 
and cooled at approximately 1/7 the normal rate, demonstrates that 
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the transformation temperatures on heating or cooling are not a 
sensitive function of the particular rate at which the temperature 
is changed. The initial transformation temperature on heating 
occurs, as before, at 475 degrees Cent. (885 degrees Fahr.). The 
rapid transformation of a to y rate range is lowered to 585 degrees 
Cent., and all y phase appears at 725 degrees Cent. (1335 degrees 
Fahr.) instead of 760 to 810 degrees Cent. (1400 to 1490 degrees 
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Fig. 15—Heat No. 2, Ferritic. Heating and Cooling Rate 135 
Degrees Cent. Per Hour. Effect of Heating to 215 Degrees Cent. 
After y — a Transformation Temperature is Reached. 


Fahr.). On cooling, the transformation from y to a occurs at 90 
degrees Cent. (195 degrees Fahr.), which corresponds within the 
limits of temperature measurement with the Ar, temperature for 
previous and subsequent runs on the same specimen. 

Cooling a specimen below the Ar, temperature and then im- 
mediately heating to 215 degrees Cent. (420 degrees Fahr.), holding 
for 1 hour, and cooling normally from this temperature has prac- 
tically no effect on the subsequent temperature of transformation, 
This is shown in Fig. 15. Initial transformation occurred at 100 
degrees Cent. (210 degrees Fahr.) but was stifled by raising the 
temperature to 215 degrees Cent. (420 degrees Fahr.). Holding at 
this temperature produced no further expansion. It was resumed 
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only on cooling again to 90 degrees Cent. (195 degrees Fahr.). The 
temperature of transformation is, therefore, specific and character- 
istic and not dependent to any major extent on rate of nucleation at 
temperatures above 100 degrees Cent. 

From the work of Davenport and Bain’® on the rate of trans- 
formation of austenite in various carbon steels, it is more than prob- 
able that the above cooling curves for 18-8 trace out the approximate 
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Fig. 16—Intrinsic Induction of Heat No. 2, Ferritic, as Function of Temperature. 


regions of differing transformation rates. Davenport and Bain’s 
curve for 12 to 14 per cent chromium iron illustrates that trans- 
formation with this per cent of chromium is very much prolonged 
in the temperature region of 150 degrees Cent. (300 degrees Fahr.) 
but is rapid below approximately 100 degrees Cent. (210 degrees 
Fahr.). For ferritic 18-8, the transformation seems to be slow at 
all temperatures above 100 to 125 degrees Cent. (210 to 255 degrees 
Fahr.) but is rapid below. There is good reason to believe, from a 
comparison with transformation rates of steels in general, that an 


1#—. Davenport and E. C. Bain, Transactions, American Institute of Mining and Metal- 
lurgical Engineers, Vol. 90, 1930, p. 117. 
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S-type curve with the “knee” far out on the time axis would also 
describe the situation for ferritic 18-8. 

Ferritic 18-8 loses ferromagnetism and becomes paramagnetic 
at approximately 650 degrees Cent. (1200 degrees Fahr.) (Ac,), a 
change which is independent of transformation from a to y phase. 
This is illustrated in Fig. 16 showing the change in intrinsic induction, 
B-H, of Heat No. 2 on heating to 750 degrees Cent. (1380 degrees 


i 
: 
s 


Fig. 17—Heat No. 2, Ferritic, Heating and Cool- 
ing Rate 135 Degrees Cent. Per Hour. Maximum 
Temperature 660 Degrees Cent. 


Fahr.) and again cooling. Curves for Heats No. 1 and No. 3 are 
similar. Although austenite begins to form from ferrite at approxi- 
mately 475 degrees Cent. (885 degrees Fahr.), the conversion is only 
complete at higher temperatures and ferromagnetism for untrans- 
formed ferrite appears again on cooling at approximately 625 degrees 
Cent. (1155 degrees Fahr.) (Ar,). The dilatometric curve for a 
specimen of the same heat, raised to 660 degrees Cent. (1220 degrees 
Fahr.) (Fig. 17) shows that such ferrite as has transformed reverts 
to ferrite again only when the critical transformation temperature is 
reached on cooling at approximately 100 degrees Cent. (210 degrees 
Fahr.). 

The role of nitrogen in 18-8 according to the above experiments 
is to inhibit the phase change of y to a occurring at approximately 
100 degrees Cent. (210 degrees Fahr.). It appears that nitrogen 
does not promote austenite in 18-8, as usually stated, as much as it 
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inhibits the normally occurring transformation from austenite to 
ferrite. Nickel, on the other hand, in sufficient concentration, pro- 
motes austenite formation. A nitrogen-free vacuum melt analyzing 
17.65 per cent chromium, 23.97 per cent nickel, and 0.007 per cent 
carbon was found to be nonmagnetic before and after severe cold 
work and hence consisted for the most part of stable austenite. 

The inhibition of phase changes by small amounts of extraneous 
elements is not unusual, but is recognized in several inorganic and 
organic compounds. Thermodynamically unstable crystal forms at 
room temperatures of compounds such as CaCO, (as aragonite) 
and Sb,O, (as senarmontite) are found in nature which exist be- 
cause they have been stabilized by some small amount of impurity.” 
It is interesting that, similar to these compounds, a widely used com- 
mercial alloy like 18-8 depends for many of its major properties on 
the accidental inclusion of a few hundredths to a few tenths per cent 
of impurity. 


SUMMARY 


18 per cent chromium, 8 per cent nickel steel melted in air or 
nitrogen contains nitrogen, is nonmagnetic and austenitic (y phase), 
but the nitrogen-free alloy is ferromagnetic and ferritic (a phase). 
Nitrogen was found to inhibit the normally occurring phase change 
from y to a at about 100 degrees Cent. (210 degrees Fahr.). The 
phase change for ferritic 18-8, studied with the dilatometer, begins 
on heating at approximately 475 degrees Cent. (885 degrees Fahr.), 
is most rapid at approximately 600 degrees Cent. (1110 degrees 
Fahr.), and is completed at approximately 725 degrees Cent. (1335 
degrees Fahr.). On cooling, the reverse transformation occurs at 
90 to 125 degrees Cent. (195 to 255 degrees Fahr.). The magnetic 
transformation (Ac,) for 18-8 ferrite occurs at approximately 650 
degrees Cent. and on cooling (Ar,) at approximately 625 degrees 
Cent. (1155 degrees Fahr.). The microstructure of ferritic 18-8 
resembles martensite. 

The properties of austenitic (face-centered cubic) and \ferritic 
(body-centered cubic) 18-8 both water quenched from 1120 degrees 
Cent. (2050 degrees Fahr.) are listed. The alloys were prepared in 
pure alumina crucibles contained in a “vacuum-pour” furnace, from 
"90M. Bloom and M. Buerger, Zeitschrift fiir Kristallographie, (A), Vol. 96, 1937, p. 


365. 
M. Bloom, American Mineralogist, Vol. 24, 1939, p. 281. 
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electrolytically prepared, hence nitrogen-free, iron, chromium, and 
nickel. Average carbon analyses were 0.007 per cent and oxygen 
0.053 per cent. Melted in vacuum, the resulting ferritic 18-8’s 
analyzed 0.001 per cent nitrogen. Melted in nitrogen, the resulting 
austenitic 18-8’s analyzed 0.165 per cent and 0.24 per cent nitrogen. 
The latter nitrogen content with carbon at 0.007 per cent proved, 
within the limits of X-ray identification, to be sufficient to insure pure 
austenite phase. A heat produced in hydrogen behaved not essentially 
differently in final properties from the vacuum heats, probably be- 
cause considerable of any hydrogen absorbed at higher temperatures 
escaped during annealing in air. The ingot, unlike the vacuum and ni- 
trogen heats, showed evidence of active gassing on solidification. No 
detectable nitrogen was absorbed by the ferritic heats by heat treat- 
ment at 1120 degrees Cent. (2050 degrees Fahr.) in air for as long as 
50 hours. 

Several properties of the alloy are considerably different for 
the two lattice structures. In addition to the magnetic differences, 
the yield strength of ferritic 18-8 is 2.5 times that of austenitic 18-8 
and the Brinell hardness 1.7 times. The conductivities, both electrical 
and thermal, are less, being about 70 per cent that of the austenitic 
alloy, and the coefficient of expansion below 500 degrees Cent. (930 
degrees Fahr.) is approximately 60 per cent that of the atistenitic 
18-8. The density is about 2 per cent less for ferritic 18-8. The 
tensile strengths are comparable, which is expected because austenite 
on deformation is converted to ferrite. 

The corrosion resistance of the-two lattice structures, judged by 
weight loss in ferric chloride, sodium chloride at 90 degrees Cent. 
(195 degrees Fahr.), and salt spray, is the same for the long time 
heat treated (50 hours at 1120 degrees Cent.) and water quenched 
alloys. Pit foci in the nitrogen free ferritic alloys are more sensi- 
tive to heat treatment than in the nitrogen containing alloys (aus- 
tenitic). The slowly cooled alloys, or the quenched alloys’ reheated 
to 600 degrees Cent. (1110 degrees Fahr.), although free of inter- 
granular attack, lose considerable corrosion resistance to ferric 
chloride, the attack being by pitting. The greater loss after heat 
treatment of this kind occurs for the ferritic alloys. 

Crystals of ferritic 18-8 appear to be magnetically anisotropic. 
18-8 wires, which by drawing contain crystals of preferred orienta- 
tion, have higher magnetic permeability than forged specimens. The 
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permeability of ferrite in austenitic 18-8 is not only a function, there- 
fore, of the amount of ferrite, but also its degree of preferred 
orientation. This plausibly accounts for the discrepancies which may 
occur in estimates of ferrite by magnetic and X-ray intensity meas- 
urements. 

Nitrogen under certain conditions readily diffuses into or out of 
18-8 at 1150 degrees Cent. (2100 degrees Fahr.). Ferritic 18-8 wire, 
0.010 inch (0.025 centimeter) in diameter, was transformed into 
austenitic 18-8 by 5-minute heat treatment in purified nitrogen. 
The reverse transformation was made to occur in purified hydrogen 
within the same time. When heated in unpurified gases, the diffusion 
of nitrogen in 18-8 takes place very slowly. 
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Oral Discussion 





Russet, Franxs:™ This paper is of interest in view of the considerable 
amount of work done at the Carbide Laboratories on the addition of nitrogen 
to high chromium steels with and without nickel. There are a few points 
that occurred to me in reading this paper. As early as 1930 a series of low- 
carbon 18 per cent chromium-8 per cent nickel type steels containing some- 
what under 0.01 per cent carbon were made and tested. These steels contained 
different percentages of nickel and were low in other impurities such as nitrogen. 


21Union Carbide and Carbon Research Laboratories, Inc., Niagara Falls, N. Y. 
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The results of this work confirmed those obtained by Dr. Uhlig in his 
experiments on the extremely low-carbon content steels containing about 18 per 
cent chromium and 8 per cent nickel. Like Dr. Uhlig we found that the steels 
had a truly martensitic type of structure. However it was also found that 
if the nickel content was increased to about 11 per cent with a carbon content 
slightly below 0.10 per cent the metal had a structure that was almost entirely 
austenitic. 

Another point brought out by Dr. Uhlig was that these low-carbon steels 
were not found to be subject to intergranular corrosion. Our results did not 
confirm this part of this investigation. They showed that at 650 degrees Cent. 
(1200 degrees Fahr.), which is one of the common temperatures employed to 
obtain susceptibility to intergranular attack, the steels were not subject to this 
type of attack, but if they were treated at temperatures between 400 and 500 
degrees Cent. (750 and 930 degrees Fahr.) for sufficient periods of time the 
steels did exhibit susceptibility to intergranular corrosion when exposed to an 
acidified copper sulphate solution. It was also found that if the low-carbon 
steels were held at about 500 degrees Cent. (930 degrees Fahr.) for long periods 
and subsequently treated with boiling concentrated nitric acid they became as 
badly attacked by this acid as a steel of similar chromium and nickel contents 
but containing 0.05 to 0.06 per cent carbon. 

~ In other work done to determine the effect of nitrogen in rendering the 
18-8 steels subject to intergranular corrosion the results also confirmed those 
obtained by Dr. Uhlig. It was observed that nitrogen was nowhere nearly as 
effective as carbon in imparting susceptibility to intergranular corrosion in 
austenitic chromium-nickel steels of the 18-8 type. : 

I. A. Rouric:” It would seem improbable that the subject of 18-8 could 
be brought up without the question of carbide brittlement and intergranular 
corrosion. Dr. Uhlig mentioned it, and also Mr. Franks. Some time ago we had 
an opportunity to examine samples of 18-8 material that had been in service 
for some time. It contained about fifteen points of carbon and was undergoing 
carbide embrittlement. Dr. Uhlig has shown that his material was very low 
in carbon, and that, therefore, it would not be susceptible to carbide brittle- 
ment with its attendant difficulties. 

In the work that we did, the question naturally arose, what happened, was 
ferrite formed? The answer was given that perhaps it was delta iron instead 
of ferrite. That, perhaps, isn’t a matter of argument, whether it is ferrite or 
delta iron. Perhaps Dr. Uhlig will give us his views on it. 


Author’s Reply 


The effect of a sufficiently high nickel content in an 18 per cent chromium- 
iron alloy is to produce an austenitic phase at room temperature, as Mr. Franks 
has mentioned. For example, a stainless steel containing 17.65 per cent chro- 
mium essentially free of nitrogen and analyzing as high as 24 per cent nickel 
is almost entirely in a stable austenitic state at room temperature. 

The effect of nitrogen to inhibit the austenite to ferrite transformation 
in the 18-8 variety of stainless steels is not confined to a narrow range of 


“Research engineer, Detroit Edison Co., Detroit. 
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compositions. We found that a vacuum-melted alloy free of nitrogen analyzing 
16 per cent chromium and 10 per cent nickel was also partially ferritic at room 
temperatures. Similarly, a commercial 19 per cent chromium, 9 per cent nickel 
stainless steel originally austenitic heated in pure hydrogen became appreciably 
ferritic on quenching from 1150 degrees Cent. (2100 degrees Fahr.). 

Our experience has been that intergranular corrosion of 18-8 of the com- 
positions with which we worked is a major property of carbon content of the 
alloy and not nitrogen. This evidence was based on the usual copper sulphate 
test and by immersion in ferric chloride. Our alloys were treated in the 
region of 600 degrees Cent. (1110 degrees Fahr.), which treatment, as our 
data show, decreases the general corrosion resistance of low and high nitrogen 
alloys. The heat treatment at 500 degrees Cent. (930 degrees Fahr.), which 
Mr. Franks mentions, was not investigated. 

In answer to Mr. Rohrig, an 18-8 containing as high a carbon content as 
0.15 per cent is most certainly expected to undergo intergranular embrittlement 
if heated in the carbide precipitation range of temperatures. If any ferrite is 
observed at all, such ferrite is more likely to be alpha than delta since there 
is no evidence that delta ferrite in 18-8 is retained at room temperatures. 








THE TENSILE PROPERTIES OF PEARLITE, BAINITE, 
AND SPHEROIDITE 


By M. GensAmer, E. B. PEARSALL, W. S. PELLINI, 
AND J. R. Low, Jr. 


Abstract 


The tensile properties of four steels have been deter- 
mined as a quantitative function of the measured dimen- 
sions of the aggregate structures pearlite and spheroidite, 
and of the austenite decomposition temperature for the 
structures pearlite and baimite. Studies of the recalescence 
effect have been performed in connection with the measure- 
ment of the reaction temperature. The strength indices 
(stress at corresponding strains, tensile strength, hard- 
ness) vary linearly with the reaction temperature and the 
logarithm of the dimensions of the aggregate. Mixtures 
of pearlite and bainite are intermediate in strength. The 
ductility indices are low for mixed structures, coarse pearl- 
ite and low temperature bainite; higher for bainite and 
pearlite in the middle of the reaction temperature range 
for each. It has been observed that spheroidized eutectoid 
specimens have a typical mild steel yield point; pearlitic 
specimens of the same tensile strength do not. The spac- 
ing of pearlite is shown to be proportional to the carbon 
diffusion coefficient in austenite, the logarithm of the spac- 
ing plotting as a straight line against the reciprocal of the 
absolute reaction temperature, with the same slope as a 
similar plot for the diffusion coefficient. Because of this 
it is concluded that a measurement of the spacing at one 
temperature permits its calculation at another, using the 
measured energy of activation for the diffusion of carbon 
in the steel. A rule of strength for aggregates is proposed, 
based on these studies, as follows: The resistance to de- 
formation of a metallic aggregate consisting of a hard 
phase dispersed in a softer one 1s proportional to the log- 
arithm of the mean straight path through the continuous 
phase. The rule works for a comparison of the properties 
of pearlite and spheroidite, as well as for pearlite alone 
over a wide range of spacings, and extrapolates to reasona- 


_ A paper presented before the Twenty-third Annual Convention of the 
Society held in Philadelphia, October 20 to 24, 1941. The authors are all 
associated with the Metals Research Laboratory at the Carnegie Institute of 
Technology, Pittsburgh. M. Gensamer is also associate professor of metallurgy 
there, and J. R. Low, Jr., is the Carnegie-Illinois Steel Company Graduate 
Fellow in Metallurgical Engineering. Manuscript received June 23, 1941. 

983 





TRANSACTIONS OF THE A. S. M. December 


ble particle sizes for the finest spheroidites (tempered mar- 
tensite). A simple explanation of the semi-logarithmic 
character of the relationship is advanced. 


HIS paper is the second of a series dealing with the quantitative 

correlation of the microstructures observed in metals and alloys 
with the mechanical properties of these structures. It deals with the 
mechanical properties of structures consisting of a hard phase dis- 
persed in a soft one, and particularly with those aggregate struc- 
tures in steel known as pearlite, spheroidite, and bainite. The struc- 
ture of pearlite is lamellar, the particles in spheroidite are- approxi- 
mately spheroidal, while the fine structure of bainite is still uncertain. 
Work on the specific effect of various alloying elements in solution in 
ferrite is in progress, and work on the effect of grain size on the 
properties of ferrite will be reported in the near future. It is hoped 
that these studies will help in the development of a theory of the 
strength of metals and alloys, and perhaps be of use in their 
practical utilization. 

Two years ago Gensamer, Pearsall, and Smith’ presented what 
was intended to be a study of the mechanical properties of a plain 
carbon (eutectoid) steel reacted isothermally at temperatures from 
375 to 750 degrees Cent. (705 to 1380 degrees Fahr.), in which will 
be found a list of references to previous work on the subject. In the 
discussion of that paper the authors pointed out that the reaction 
temperatures reported were in error because of recalescence during 
the reaction, and that the results would need to be corrected for this 
error. The conclusion reached without this correction that the me- 
chanical properties plot as straight lines against the reaction tempera- 
ture over the whole range from 375 to 700 degrees Cent. (705 to 
1290 degrees Fahr.) (in the bainite range as well as the pearlite 
range) must be abandoned, as well as certain speculations concerning 
the nature of bainite based on this conclusion. The primary purpose 
of that research, namely, to correlate properties with the interlamellar 
spacing of pearlite, is in no way affected by this correction. 

The present paper extends the knowledge of the properties of 
these reaction products. The actual reaction temperature ranges have 
been determined for the steel of the earlier paper, enabling a replot- 
ting of the data, now against true reaction temperature. In addition, 

1M. Gensamer, E. B. Pearsall, and G. V. Smith, “The Mechanical Properties of the 


Isothermal Decomposition Products of Austenite’’, TRANSACTIONS, American Society for 
Metals, Vol. 28, 1940, p. 380-398. 
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a large number of tests have been performed on another heat of rope 
wire steel of almost the same analysis from a different producer. 
The results with the two steels are in good agreement. It was de- 
cided not to continue with the fatigue strength determinations, for 
in the earlier tests all the fatigue strength values were between 50 
and 55 per cent of the tensile strength. 

The present paper reports also on the properties of the second 
steel after spheroidization of the cementite, and the correlation of 
the spheroidal and lamellar structures in the same steel. This has 
resulted in a general theory of strength for metallic aggregates, the 
most important contribution of the second paper. 

Tests have also been made on two manganese steels of approxi- 
mately eutectoid carbon content. The first of these, with 0.56 per 
cent carbon and 1.50 per cent manganese, is slightly hypoeutectoid. 
It is a high manganese rail steel; samples were cut from a rail, using 
only metal from the top surface of the head and the bottom surface 
of the base, to avoid ingot segregation. The actual reaction tem- 
perature for this steel was never much more than 20 degrees above 
the bath temperature, and most of the reaction certainly occurred not 
more than 10 degrees Cent. (18 degrees Fahr.) from the bath tem- 
perature. The second alloy steel, with 0.56 per cent carbon and 3.5 
per cent manganese, is very close to the eutectoid composition. It is 
a small induction furnace heat made by experienced melters. This 
steel reacted very slowly and so without detectable recalescence and 
wholly at the bath temperature. | 

The results with the rail steel were quite similar to those with 
the lower manganese rope wire steel, but the quantitative correlation 
of properties with pearlite spacings was not accomplished with this 
steel, mainly because the temperature range in which only pearlite is 
formed seems to be quite narrow. There is considerable doubt that 
the reaction product is entirely pearlite except at the highest reaction 
temperatures, and there the time of reaction is so long as to make 
spheroidization of a fair amount of pearlite probable. The 3.5 per 
cent manganese steel apparently forms only pearlite over a wider 
temperature range, but in this steel the pearlite is ill-formed and per- 
haps spheroidized to a considerable extent, so that the correlation of 
properties with pearlite spacing may be only qualitative. 
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Table I 
Analysis and Austenite Grain Size of the Steels Used 
Austenite 
Grain Size 
Man- Phos- Sul- Chro- No. Before 
Carbon ganese phorus phur Silicon Copper Nickel mium Quenching 
Steel A 0.78 0.63 0.014 0.030 0.18 ‘abe ties a 8-9 
Steel B 0.80 0.74 0.019 0.029 0.24 0.09 0.11 0.01 5 
Steel C 0.56 1.56 0.025 0.031 0.15 ree Saeco si 5 


Steel D 0.57 3.5 oes » 0 es en 0.26 see eves ‘eons 5 
Steel E 0.66 0.61 0.016 0.014 0.18 0.11 0.09 0.04 ee 


MATERIALS AND HEAT TREATMENT 


Steels A and B (low manganese) were used without homo- 
genization prior to the austenitizing treatment. (Table I.) They were 
obtained as single bundles of 34-inch diameter hot rolled rods, from 
which the specimens were machined; there has been no evidence for 
segregation in these steels after the austenitizing treatment, either in 
rate of reaction or structure. Both the manganese steels were given 
a homogenization treatment before the standard reaction treatment. 
They were both homogenized from 48 to 60 hours at 1250 degrees 
Cent. (2280 degrees Fahr.) in an atmosphere of argon or helium; 
in the helium slight surface decarburization was observed, but after 
machining the carbon was not appreciably lower (by analysis) than 
before homogenization. The rail steel was cooled with the furnace to 
900 degrees Cent. (1650 degrees Fahr.), then plunged quickly into 
“sil-o-cel” insulating powder. The 3.5 per cent manganese steel was 
cooled with the furnace to 750 degrees Cent. (1380 degrees Fahr.), 
then cooled in the sil-o-cel. The sil-o-cel cooling was rather fast at 
high temperatures and thus tended to prevent the heterogeneity de- 
veloped by these steels on slow cooling through the 3-phase field. On 
subsequent heating to the quenching temperature of 850 degrees 
Cent. (1560 degrees Fahr.), both steels developed an austenite grain 
size of ASTM number 5, determined after reaction and low-tempera- 
ture decarburization. This homogenization eliminated the banding 
obtained in both steels in the forged (3.5 per cent manganese) and 
rolled (1.5 per cent manganese) condition as received. 

Steel A was quenched after one-half hour in lead at 825 degrees 
Cent. (1515 degrees Fahr.) (resulting in an austenite grain size num- 
ber 8-9) into lead at various temperatures below the critical, held at 
the lower lead bath temperature (hereafter referred to as the bath 
temperature) for a sufficient length of time to complete the reaction 
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(determined by pilot experiments), slowly cooled in the lead bath to 
a temperature near the melting point of lead and then removed from 
the lead and cooled in sil-o-cel to room temperature. Steels B, C, 
and D were quenched after one-half hour in lead at 850 degrees 
Cent. (1560 degrees Fahr.) (all having an austenite grain size num- 
ber 5) into lead below the critical, held to complete the reaction, then 
removed from the lead and either quenched in water or cooled in 
sil-o-cel; all specimens of Steel C were water quenched, all of 
Steel D were sil-o-cel cooled; some specimens of Steel B were also 
cooled in the lead. Cooling in the lead is very slow cooling; cooling 
in sil-o-cel is initially about as rapid as air cooling, but at low tem- 
peratures much slower. The plots of properties versus reaction tem- 
perature distinguish the various kinds of cooling used; it is con- 
cluded that no significant difference results from different rates of 
cooling following reaction except that very slow cooling (furnace 
cooling) gives slightly lower strengths, probably because of partial 
spheroidization of the reaction product. 

The spheroidized structures were prepared (only for Steel B) 
by annealing oil-quenched specimens for appropriate lengths of time 
at temperatures beneath the critical. The size of the spheroids is a 
function of both temperature and time. A variety of treatments 
was tried, including attempts to produce spheroidites by direct re- 
action from austenite, in an effort to produce spheroidites with the 
best possible regularity of size of particles, but none of these experi- 
ments were successful in producing any more uniform spheroidites 
than simple annealing ‘of quenched specimens. 


DETERMINATION OF REACTION TEMPERATURE FOR 
LEAD QUENCHING 


The actual reaction temperatures for the lead-quenched speci- 
mens were determined by inserting a thermocouple through a small 
hole on the axis of a specimen of the same diameter as those heat 
treated for the tensile tests (0.260-inch diameter). This specimen is 
sketched in Fig. 1. Two fine chromel-alumel thermocouple wires 
(28 gage) were butt welded to the bottom of the hole. The wires 
were insulated with a porcelain enamel before insertion. The hole 
had a diameter of 0.075 inch and was therefore only 8 per cent of 
the total cross section area, so that the rate of cooling at the thermo- 
couple weld might be expected to differ little from the rate of cooling 
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of a solid sample. To check this point, the microstructure of speci- 
mens with thermocouples was compared with the microstructure of 
solid tensile test specimens at important temperatures (550 and 625 
degrees Cent.) in both the fully reacted and partially reacted condi- 
tions; no significant differences were observed, so the authors feel 
confident that the cooling curves and reaction temperatures deter- 
mined from them apply to the specimens used for the mechanical 
tests. The galvanometer used had a sufficiently low period to 
eliminate error from this source. As fhe light beam traveled over the 
galvanometer scale, a chronograph key was tapped at convenient tem- 
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Fig. 1—Sketch of the Specimen and the 
Wiring Diagram for the Apparatus Used in De- 
termining the Reaction Temperatures. 
perature intervals; this provided the data for the cooling curves as- 
sembled in Fig. 2. The data plotted in Fig. 2 were determined using 
Steel B, but the curves apply equally well to the data for Steel A, 
which are not shown. 

A series of experiments was performed to correlate the reaction 
temperature with the experimental cooling curves. The progress of 
cooling (and recalescence) was interrupted at various stages by a 
drastic quench in brine and the progress of the reaction determined 
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2—Cooling Curves for 0.26 Inch Diameter Cylinders of Plain 

Carbon” Eatectoid Steel Quenched Into Lead Baths at Various Temperatures. 
from the microstructure. The cooling curve for each sample was 
determined to within a fraction of a second of the time of interrup- 
tion of cooling and in every instance agreed very well with the un- 
interrupted curve, as may be seen in Figs. 3 and 4. The exact times 
of entry into the lead bath and of quenching into the brine were 
indicated on the chronograph record by having the specimen part of 
an electrical circuit including the chronograph key, the magnet 
actuating the chronograph pen, and all the baths in parallel, as in 
Fig. 1, so that when the sample was removed from any bath this was 





990 TRANSACTIONS OF THE A. S. M. December 


indicated on the chronograph record. It was observed that the tem- 
perature dropped at a very rapid rate immediately after the specimen 
entered the brine; the reaction may have continued for a short time 
after the time indicated by the chronograph upon quenching, but it 
must certainly have been a small fraction of a second. The tempera- 
ture at the instant of quenching into the brine was not observed, but 
taken at the appropriate time from the cooling curve. It will be ob- 
served that the interrupted curves closely follow each other and the 
uninterrupted curve up to the time of interruption. 

The experiments summarized in Figs. 3 and 4 show that for 
lead bath temperatures of 550 and 625 degrees Cent. (1020 and 1155 
degrees Fahr.) the entire reaction takes place in the temperature 
range between the minimum just before recalescence and the maxi- 
mum reached during recalescence. The reaction is about half com- 
pleted at the recalescence maximum, and as far as can be seen with 
the microscope, it is over by the time the temperature again falls to 
the minimum just before recalescence. The mean of this tempera- 
ture range has been taken as the reaction temperature for the plots 
of properties against reaction temperature reported below. At lower 
bath temperatures, the reaction temperature range was estimated from 
the apparent disturbance of the normal, smooth cooling curve; there 
is some uncertainty about the lower limit of the reaction range for 
these temperatures, but it is so near the bath temperature that no 
important error can be introduced. 

The reaction temperature range and the temperature chosen as 
the mean reaction temperature are plotted in Fig. 5 against the bath 
temperature. This graph applies to both Steel A and Steel B (plain 
carbon). Fig. 6 is the same thing for Steel C (the rail steel). The 
3.5 per cent manganese steel (Steel D) showed no: appreciable 
recalescence. Figs. 5 and 6 apply to cylinders 0.260 inch in diameter 
with fairly vigorous hand stirring and clean lead baths with a 
coarse carburizing compound cover. It has been shown experi- 
mentally by a lengthy series of special tests during the progress of 
this work that failure to stir and dirty lead baths, and especially con- 
tamination of the carbonaceous lead bath cover by lead oxide, ‘all lead 
to slow rates of cooling and higher reaction temperaturés. Small 
specimens react nearer the bath temperature, but it seemed inadvisable 
to use specimens smaller than % inch diameter, which is half the 
size of the standard tensile specimen. One-eighth-inch diameter 
specimens exhibit recalescence even when using the best quenching 
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Fig. 3—Correlation of the Progress of the Reaction With Cooling Curves for Quench- 
ing Into Lead at 550 Degrees Cent., by Quenching Into Brine at Various Stages. 
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Fig. 4—Correlation of the Progress of the Reaction With Cooling Curves for naey: 
ing Into Lead at 625 Degrees Cent., by Quenching Into Brine at Various Stages 
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Fig. 5—Reaction Temperature Versus Bath Temperature, 
Plain Carbon Eutectoid Steel Cylinders, 0.26 Inch Diameter. 
Solid Lines Are the Upper and Lower Limits of the Reaction 
Range, Dashed Line is the Mean Reaction Temperature. 


technique, near the temperature of fastest reaction, so that their re- 
action temperature is above the bath temperature. Experimental 
cooling curves made with Steel A indicate that at 550 degrees Cent. 
(1020 degrees Fahr.) (the temperature of maximum recalescence), 
Y%-inch specimens react about 50 degrees above the bath tempera- 
ture, %-inch specimens about 20 degrees; these figures are for the 
mean temperature of the reaction and not the maximum at which the 
reaction occurs, which is even higher. With 0.075-inch specimens the 
reaction begins about 8 degrees above the bath temperature. 


MECHANICAL TEST RESULTS 


In Figs. 7, 8, 9, and 10 are plotted the tensile properties ob- 
tained on quenching into lead baths for the four steels studied. The 
testing techniques and specimens are the same as those described in 
the earlier paper. The tension tests were made at slow speed on 
0.25-inch diameter specimens with a l-inch gage length; the test 
results should be the same as would be obtained with a standard 





Fig. 6—Reaction Temperature Versus Bath Temperature, 0.56 
Carbon-1.56 Manganese Rail Steel Cylinders, 0.26 Inch Diameter. 
Solid Lines Are the Upper and Lower Limits of the Reaction 
Range, Dashed Line is the Mean Reaction Temperature. 


0.505-inch specimen with a gage length of 2 inches. It will be ob- 
served for Steels A, B, and C that the mechanical properties of 
bainite and pearlite are distinctly different, and that there is a transi- 
tion range of temperature (in which both pearlite and bainite may be 
detected in the specimens) for which the properties are intermediate 
between those to be expected of samples entirely pearlitic or entirely 
bainitic. For Steel D, the 3.5 per cent manganese steel, only the prop- 
erties in the pearlite range have been reported; efforts to react this 
steel completely at lower temperatures were unsuccessful, for ap- 
parently some austenite remains after even very long times at tem- 
peratures below those indicated in Fig. 10. Attention should be called 
to the regularity with which the points for tensile strength, yield 
strength, and Rockwell hardness fall upon straight lines against the 
reaction temperature in both the bainite and pearlite ranges. 

The variation of ductility with reaction temperature (Figs. 7, 
8, 9, and 10) is of special interest. There seems to be an optimum 
reaction temperature for best ductility in both the bainite and 
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Temperature, Plain Carbon Eutectoid Steel A. All Specimens 
Furnace-Cooled After Reaction. 


pearlite ranges. The lack of ductility at the lowest temperatures may 
be associated with the formation of some martensite, although the 
reaction times and temperatures make this seem unlikely. The coarse 
pearlites also are characteristically deficient iri ductility. The speci- 
mens in the mixed structure range may lack ductility because the 
structure is mixed, or because either coarse bainite or fine pearlite is 
brittle. No explanation for this variation of ductility is advanced. 
Typical tensile stress strain curves for these steels are plotted in 
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Fig. 11. These curves are so-called “true stress strain curves” in 
which are plotted the load divided by the corresponding least area of 
the specimen, against the effective deformation 


Ao do 
( &— log. a = 4.606 log,, 4 ) 


through the point of necking-down and all the way to fracture. Note 
the yield point in the spheroidized specimens, and its absence in the 
others. 
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Fig. 9—Mechanical Properties Versus Mean Reaction Tem- K q 
perature, High Manganese Rail Steel C. All Specimens 
Quenched in Water After Reaction. 















The static crack strength of all four steels has been plotted in 
Fig. 12. The method and significance of static crack strength meas- 
urements have been discussed in a recent paper by one of the authors.? 

The results reported here are for shallow cracks at the base of ¥ 
@z-inch deep notches in %4-inch diameter tensile test specimens. All . ey 
the test results have been thrown together on one graph to show how a 
nearly alike are the results for all the steels. Fig. 12 seems to indi- el 
cate that the static crack strength, like the other strength indices, is Pai 





2M. Gensamer, “Static Crack Strength of Metals; Its Determination and Significance”. 
Meta Procress, July 1940, p. 59-64 (corrected diagram, Ibid., August 1940, p. 181). 
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3.5 Per Cent Manganese Eutectoid 


Steel D. All Specimens Cooled in 
Sil-o-cel After Reaction. 


different for the bainites and pearlites; that is, the points of Fig. 12 
group about two lines, one for the range 355 to 475 degrees Cent. 
(670 to 887 degrees Fahr.) and another for the range 600 to 700 
degrees Cent. (1110 to 1290 degrees Fahr.), with intermediate results 
for the intermediate temperature range; but the scatter of the test 
results in the measurement of this property is too great to permit 
such an observation to be made with confidence. The thing of im- 
portance shown by Fig. 12 is that those specimens in the intermediate 








TENSILE PROPERTIES OF STEELS 


True Stress, P8.I.x103 


Steel B; 030 %C, 074%Mn 
-- CO; 056%C, 156%MN 
-~ Di 056 %C,&%5%Mn 
-~ BS; Spheroidized B Stee! 


08 10 
Strain € 


11—Typical Stress-Strain Curves. “True Stress” 


zs Load Divided by the Corresponding Least Area) 


do 
versus Effective Deformation. (e = 4.606 Log — ). 


temperature range of ‘mixed structures which show little ductility in 
the tensile test, are not deficient in strength in the presence of a crack 
sufficiently sharp and deep to prevent any but the most localized 
deformation before fracture. The same is true for those low reaction 
temperature structures which for Steels B and C are deficient in 
tensile ductility. This illustrates the futility of trying to use ordinary 
tension tests to estimate the value of a steel for an application re- 
quiring strength in the presence of severe stress raisers. 


STRUCTURE ANALYSIS 


The primary purpose of the paper, as stated in the introduction, 
is the quantitative correlation of properties with microstructure ;, for 
this purpose it is necessary to measure the dimensions of the aggre- 
gates studied. For the spheroidized samples, the mean uninterrupted 
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Fig. 12—Static Crack Strength Versus Mean Re- 
action Temperature, All Steels. Solid Circles—Steel 
A, Plain Carbon. Open Circles—Steel B, Plain Car- 
bon. Squares—Steel C, 1.5 Manganese. Triangles— 
Steel D, 3.5 Manganese. 


straight path through the ferrite has been measured, and for the 
pearlites the mean interlamellar distance. From the latter has been 
calculated the mean uninterrupted straight path through the ferrite, 
and this value used as a basis for comparison of the pearlite and 
spheroidite of Steel B. 

The pearlite spacing was determined by measuring the fraction 
of the area of a polished and etched surface that could not be 
resolved with a microscope objective of known resolving power, or 
the fraction with an apparent or surface spacing less than some 
selected value; followed by the application of a formula derived 
by a simple integration on the assumption of entirely random orien- 
tation of the pearlite plates with respect to the plane of polish. The 
formula is S,? = S? (1 — N?*) where S, is the mean true spacing, 
and N is the fraction of the surface with an apparent spacing less 
than S.** 

The procedure was to trace the boundaries of the unresolved 
areas on thin paper stretched on the plane glass of the microscope 
camera, then to measure the areas either by cutting up the paper and 

*8The derivation of an equivalent expression is described in the paper entitled “The 


Interlamellar Spacing of Pearlite,” by G. E. Pellissier, M. F. Hawkes, W. A. Johnson and 
R. F. Mehl, published in this issue of Transactions, page 1044. 
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Fig. 13—Pearlite Spacing (Distance From Center to Center of 
the Cementite Plates in Angstrém Units) and Mean Uninterrupted 


Ferrite Path in Pearlite Versus the Mean Reaction Temperature, F a 

Above, and the Reciprocal of the Absolute Temperature, Below. RT 

(aa 

weighing the pieces, or with a planimeter. No great accuracy was ad 
achieved, but fortunately none is necessary, for the relationship b 


between the reaction temperature and the spacing, as well as the ten- 6 
sile properties and the spacing, is a semilogarithmic one, with the ql 
logarithm of the spacing plotting as a straight line against the prop- Wl 
erties and the temperature; considerable change in spacing is asso- at 
ciated with a change in reaction temperature or properties corres- 
ponding to the experimental error and reproducibility of the meas- 


urement of these quantities. The extent to which the error of 7 ’ 
measurement affects the results may be estimated from the scatter ‘ ? 
of the points in Figs. 13 and 15. at 


The pearlite spacing measurements are plotted in Fig. 13, in the el 
upper plot against the reaction temperature and in the lower plot 
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Fig. 14—Mechanical Properties Versus Mean Dalteoreanes 
Ferrite Path for All Pearlitic Steels and Spheroidized S$ 

(0.80 Carbon, 0.74 Manganese). Individual Points for the Pearlitic 
Steels Are Shown Only for the 1.5 Manganese Steel C, and One 
Point for the Pearlitic Hypoeutectoid 0.66 Carbon, 0.61 Manganese 
Steel. Top Grow an a snag h; Middle Group—Yield Strength 
(0.2 Per Cent set); B roup—Rockwell ardness. 


against the reciprocal of the reaction temperature on the absolute 
temperature scale. A straight line on the reciprocal temperature plot 
transfers to the direct temperature plot as a curved line, ‘but so 
slightly curved that it can hardly be distinguished from a straight 
line over the temperature range covered by the measurements. Theory 
suggests® the reciprocal temperature plot; obviously these measure- 


®R. F. Mehl, “The Physics of Hardenability,”’ Hardenability of Alloy Steels, pub- 
lished by American Society for Metals, 1938, p. 1-65. 
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Fig. 15—Stress at € = 0.20 versus Mean Ferrite Path, 
for Steel B, in Both the Pearlitic and Spheroidal Conditions. 


ments do not provide a test of the theory. The lines of Fig. 13 are 
drawn to have the same slope as the line drawn by Wells and Mehl* 
through their data for the logarithm of the time rate of diffusion of 
carbon through austenite and the diffusion temperature. A line of 
this slope fits the data for the pearlite spacing as well as any that 
could be drawn. 

In the spheroidized steel the average distance between spheroids 
along straight lines drawn across photomicrographs at & 4000 was 
measured, using about 250 measurements for each specimen. The 
particles are of course only approximately spheroids and occur in 
a range of sizes, the small ones more numerous than the large ones. 

The mean uninterrupted straight path through the ferrite in a 
coarse pearlite was measured in the same way as for the spheroidized 
specimens. A great many photomicrographs from one specimen with 
uniform and coarse, well developed pearlite, were available from 
~ 4C, Wells and R. F. Mehl, “Rate of Diffusion of Carbon in Austenite, in Plain Car- 


bon, in Nickel and Manganese Steels,” Transactions, American Institute of Mining and 
Metallurgical Engineers, Iron & Steel Division, Vol. 140, 1940, p. 279-306. 
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a study current in the laboratory, and these were used. The mean 
interlamellar spacing was determined as described above. It was 
found that the mean uninterrupted ferrite path is between 1.9 and 2.0 
times the interlamellar spacing. This corresponds to the theoretical 
mean path between plates for ideal, plane plates up to an angle from 
the perpendicular of 77.5 degrees, or to within 12.5 degrees of paral- 
lelism with the plates. Considering the size of the pearlite colonies 
and the waviness of the plates, this seems a reasonable figure, and 
it has been used to calculate the mean ferrite path from the inter- 
lamellar spacing for all the pearlites measured. In Fig. 13 the ferrite 
paths so calculated are indicated. 


PROPERTIES VERSUS STRUCTURE 


Fig. 14 summarizes the test results on those samples for which 
the dimensions of the aggregate have been measured. For the pearl- 
ites, the lines have been drawn by transferring the straight lines from 
the plots of properties against reaction temperature (Figs. 7, 8, 9, 
and 10) and the plot of spacing against reaction temperature (Fig. 
13), thus deriving the straight lines of Fig. 14 for properties against 
spacing. On the upper edge of the figure is indicated the scale for 
the interlamellar spacing of the pearlites by which is meant the mean 
least distance between the plates. Along the bottom edge of the plot 
is indicated the mean uninterrupted path through the ferrite for both 
the pearlites and spheroidites ; this mean path has been experimentally 
determined as previously described. The extent to which the mean 
path in the ferrite controls the properties of these measurable ag- 
gregates is obvious from the graph. 

In Fig. 15, the true stress corresponding to an effective deforma- 
tion (¢) of 0.20 is plotted against the mean straight path through 
the ferrite for both pearlitic and spheroidal specimens of Steel B. 
This strength index is not affected by variations in the yield point 
behavior, whether caused by structure or previous mechanical treat- 
ment, and corresponds to a given amount of cold work better than 
does the tensile strength. (It may be seen from Fig. 11, \in which 
the stress and strain corresponding to the maximum load or tensile 
strength is indicated on each curve by a filled-in circle, that the 
strain at the maximum load varies considerably.) It will be observed 
in Fig. 15 that the points for the spheroidized steel fit the line almost 
as well as the points for the pearlitic steel; this is not brought out in 
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Fig. 14, in which the individual points for the pearlitic specimens 
are not shown. a 

In Figs. 14 and 15, the mean ferrite path through the pearlite cia 
has been taken to be 1.9 times the interlamellar spacing. If the ratio | 
2.0 had been used, the points for the spheroidized steel would have 
been displaced to the right with respect to the line for the pearlite 
by 0.02 on the logarithmic spacing scale ; this is the limit by which the 
results are likely to be in error, and it is not enough to affect the con- 
clusions drawn from the data. a 

There is an interesting influence of the microstructure on the ‘ 
yield point (not to be confused with the yield strength by the off-set 
method). In the pearlites and bainites, no yield points were observed 
even in the samples containing the coarsest pearlite. The spheroi- 
dites, on the other hand, all are characterized by well developed yield 
points, both upper and lower, with a yield point elongation as in an- 
nealed low carbon steel. A slight yield point was observed in coarse 
pearlite held too long at the reaction temperature; it probably is 
caused by partial spheroidization. 

The lower yield point of the spheroidized steel is from 80 to 90 
per cent of the tensile strength, with the smaller figure applying to 
the coarsest structures and the larger to the finest. As a result of 
this yield point the 0.2 per cent off-set yield strength for the 
spheroidized specimens lies well above the yield strength for the 
pearlitic specimens of the same tensile strength. The ratio of the 0.2 4 
per cent off-set yield strength to the tensile strength for the coarse My 
pearlite in the same steel (B) is only 44 per cent, which rises to 73 af 
per cent for the finest pearlite; for the bainite it is 78 per cent at the | 
high end of the reaction temperature range and 84 per cent at the | 
lowest temperature studied. 

It has not been thought necessary to illustrate the microstructure 
for each specimen ; photomicrographs of typical structures, excepting 
the simple pearlites, are collected in Figs. 16, 17, and 18. 


DISCUSSION 








It has been known for a long time that finer aggregates are 
stronger than coarser. In pearlitic steels, the coarser the pearlite the 
softer the steel. In the spheroidal or nonlamellar structures, the 
same is true; coarse spheroidite, or spheroidized pearlite, is much 
softer than the barely resolvable structures resulting from the tem- 
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Fig. 16—Steel B, 0.80 Carbon, 0.74 Manganese. 

a. Reacted 2 Minutes at 553 Degrees Cent. Xx 2000. Picral + Nital. b. Reacted 

20 Minutes at 406 Degrees Cent. X 2000. Ferric Chloride. c. Quenched in Oil From 
750 Degrees Cent., Tempered 2 Hours 695 Degrees Cent. x 4000. Nital. d. Quenched 
in Oil From 750 Degrees Cent., Tempered 12 hours 498 Degrees Cent. xX 4000. Nital. 
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Fig. 17—Steel C, 0.56 Carbon, 1.56 Manganese. 

a. Reacted 30 Minutes 646 Degrees Cent. X 2000. Nital. b. Reacted 3 Minutes 
558 Degrees Cent. X 2000. Nital. c. Reacted 3 Minutes 510 Degrees Cent. X 2000. 
Nital. d. Reacted 4 Minutes 456 Degrees Cent. X 2000. Picral + HCl. 
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Fig. 18 
a. Steel D (0.57 Carbon, 3.5 Manganese) Reacted 2 Hours, 628 Degrees Cent. 
< 2000. Nital. b. Steel D (0.57 Carbon, 3.5 Manganese) Reacted 4 Hours 603 Degrees 
Cent. X< 2000. Nital. c. Steel C (0.56 Carbon, 1.56 Manganese) Reacted 30 Minutes 
646 Degrees Cent. X 300. Nital. Showing Excess Ferrite. d. Steel E (0.66 Carbon, 
0.61 Manganese) Treated 15 Seconds 631 rees Cent. xX 300. Nital. Showing Ex- 


cess Ferrite. 
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pering of martensite, generally known as sorbite. Fine eutectics in 
other alloys are harder and stronger than coarse. But the relationship 
between strength on the one hand, and the dimensions of the particles 
or interparticle distances on the other hand, has remained wholly 
qualitative. The ductility of aggregates is not even subject to such a 
qualitative generalization; there is no well recognized connection 
between the capacity for deformation of metals and the size or 
spacing of the particles in the structure. It seems clear that if the 
factors that control the properties of alloys are ever to be really 
understood, a quantitative rather than qualitative connection between 
structure and properties must be established. 

It might be thought that such information could be obtained 
by a careful correlation between mechanical test results and micro- 
structure, using the almost innumerable papers that have been ap- 
pearing for many years containing both test results and photomicro- 
graphs of the specimens, or similar data in the files of many steel 
producers and consumers. The difficulty with this procedure is that 
almost never are the specimens uniform enough in structure to make 
it possible. Unless special precautions are taken to insure uniformity, 
which in steel means control of the austenite decomposition tempera- 
ture among other factors, the correlation is uncertain because of the 
unknown effects of mixed microstructures. Again, all possible 
variations in structure should be studied in one alloy, to eliminate the 
variations caused by differences in composition and properties of the 
individual phases within the aggregate structures. In the. present 
paper, these precautions have been taken. 

In this paper the development of a theory of the strength of 
alloys has been advanced by the demonstration of what might be a 
natural law of strength for aggregate structures, which may be 
stated as follows: The resistance to deformation of a metallic ag» 
gregate consisting of a hard phase dispersed in a softer one is pro- 
portional to the logarithm of the mean straight path through the 
continuous phase. 

By the mean straight path is meant the average distance in all 
directions from one hard particle to another; in lamellar structures 
this means the average distance from one plate to the adjacent one, 
not in the direction perpendicular to the plates which is the shortest 
distance, but averaged for all directions from perpendicular to paral- 
lel to the plates. If the pearlite colonies were infinite in size and the 
plates were perfectly plane, this average would be infinite; but the 
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plates are always wavy and the pearlite colony size is always limited, 
so it turns out by measurement that the average distance is between 
1.9 and 2.0 times the least distance separating the plates. 

The numerical value of the ratio between the pearlite spacing 
and the mean ferrite path will be affected by any variation of the 
effective waviness of the plates and hence may vary with the reaction 
temperature and such factors as austenite grain size and relative 
rates of nucleation and growth of the pearlite colonies. The value 
may also need modification to take into account the fact that the 
cementite plates delineate definite crystallographic planes in the fer- 
rite and that slip occurs on definite planes, so that the mean path, 
considering all directions, may not actually be the mean path con- 
sidering these crystallographic limitations. The experimental scatter 
in test results and spacing measurements makes it unlikely that these 
refinements will be possible. 

It is true that the validity of the law has been demonstrated only 
for the structures obtained in steel, and even there with perhaps too 
few tests and too few steels, although the work reported here has 
taken the full time of two people in the laboratory for about 3 years. 
It is hoped that the work will continue and extend to more steels, 
more treatments, and to nonferrous alloys. It is also hoped eventually 
to explain the variations of ductility with structure that have been 
observed in this study. 

It is possible to explain the semilogarithmic relationship between 
strength and mean path through the softer phase, as described above, 
in a simple way. In the explanation offered below, the word “dis- 
location” is used, as introduced by G. I. Taylor® to describe what 
might also be called a single, elementary slip; whether we accept 
Taylor’s concept of the nature of the elementary slipping process, 
or unit slip, is not important in this explanation, although the dis- 
location is such a reasonable picture of the nature of the fundamental 
gliding process that it seems best to use it until another mechanism 
of slipping is suggested. 

It is generally held that a dislocation traverses, not an entire 
crystal, if the crystal be large, but only a part of the crystal. Crystals 
are supposed to be divided, by imperfections of one sort or another, 
into “blocks”; the boundaries between these crystal blocks are 
considered, after Taylor, to be “semiopaque” to the propagation of 


5 G. I. Taylor, “The Mechanism of Plastic Deformation of Crystals,” Proceedings, 
Royal Society, Vol. A 145, 1934, p. 362-415. 
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dislocations. By this it is meant that at some points along the 
boundary between two blocks, dislocations can cross the boundary. 
but at others, dislocations cannot move from one block into the other 
because the lattices of the two blocks do not match well enough at 
the latter points. Let us designate by the letter L the average distance 
in a large crystal through which a dislocation, or unit slip, may travel. 

If particles of a hard phase are introduced into the crystal, these 
will serve as completely opaque boundaries, blocking the passage of 
dislocations, and limiting the distance that can be traversed by a dis- 
location to the average distance from particle to particle through 
the matrix. Call this average dislocation path x; it is the mean 
straight path through the soft phase referred to above. Now if 
N dislocations are needed to produce a certain macroscopic strain 
in a single crystal in which the mean dislocation path is L, then, 
if hard particles are so distributed throughout this same crystal as 
to reduce the mean dislocation path to x,, the number of dislocations 


needed to produce this same strain will be = - N; and if the particles 


i 1 
are so distributed as to reduce the mean path to x, the number 


) ¥ 
needed will be N. Hence the ratio of the number of disloca- 
2 
tions needed in two aggregates with paths x, and x, will be 
LN Pia im, yi : 
= pores and to produce strain at a certain time rate, dis- 
1 2 1 





locations will need to be generated at rates which are to each other as 


x, is to x,; that is, N,/N, — x,/x,, where N, and N, are the time 
rates at which dislocations must be generated to produce flow at a 
certain rate of straining in specimens with mean dislocation paths 
x, and x,, respectively. If we knew the relation between the rate of 
formation of dislocations and the applied stress, we would know the 
effect of the mean dislocation path on the resistance to deformation 
at constant strain and constant strain rate. The relation between 
speed of deformation and stress is thought to be semilogarithmic; 
the logarithm of the rate of flow plots as a straight line against the 
stress, at least for steel and copper at relatively low temperatures.® 
If we take the speed of deformation to be proportional to the rate 


of generation of dislocations, N, then log (N,/N,) =a (0, — 6,) 





®H. Deutler, Physikalische Zeitschrift, Vol. 33, 1932, p. 247-259. See next page also. 
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where o is the stress and a is a constant. From the proportion above, 
N,/N, == x,/x,, write log (x,/x,) — a (6, — 6,), which plots as a 
straight line for the logarithm of the spacing against the stress, as in 
Fig. 14. It is realized that this theory is far from complete and no 
doubt greatly over-simplified. 

It was thought advisable to test the range of application of the 
proposed law by making an effort to calculate the size of the particles 
in the tempered steel of the highest strength attainable upon complete 
elimination of martensite, using the data obtained from much coarser 
structures. To do this requires a method for the calculation of the 
mean ferrite path as a function of the size and amount of carbide 
particles. This is obtained as follows: Take the particles to be 
spheres of radius r. Imagine a bundle of dislocations leaving one such 
sphere and traveling in parallel directions at the same speed, v. In 
time t the volume of material traversed will be wr*vt. If there are n 
spheres per unit volume of alloy, then the number of spheres in the 
volume traversed will be rr?vtn. The length of the cylindrical volume 
traversed is vt. Then the average distance from particle to particle 
will be this length divided by the number of spheres in the volume 
vt/rr’vtn, or x = 1/zr*n where x is the mean ferrite path. The num- 
ber of spheres per unit volume, n, is easily calculated from the volume 
percentage of the phase, which in turn is calculated from the weight 
per cent of carbon and the densities of ferrite and cementite. When 
this calculation is carried out for an 0.80 carbon steel on the assump- 
tion that 300,000 pounds per square inch is the maximum tensile 
strength that can be developed (no martensite present) and using the 
data summarized in Fig. 14 to estimate the ferrite path x for this 
tensile strength, the diameter of the carbide particles, assuming them 
to be spheres, calculates to be about 17 Angstrém units. Since the or- 
thorhombic unit cell of cementite has the dimensions 4.5 x 5.1 x 
6.7 A it is thought that this result indicates fair agreement between 
experiment and theory, and lends support to the wide application of 
the law of strength advanced in this paper. An average diameter of 


®A. Nadai, International Association for Testing Materials, London Conference, A-1-3, 
p. 4-6. 

Manjoine and Nadai, Proceedings, American Society for Testing Materials, Vol. 40, 
1940, p. 836. 

The semilogarithmic law is also suggested by Kauzmann’s application of the Eyring 
general theory of shear rates, although the authors are inclined to the opinion that his 
remarks apply to the generation of dislocations rather than their movement. 

“Flow of Solid Metals from the Standpoint of the Chemical Rate Theory,” by Walter 
Kauzmann, Metals Technology, American Institute of Mining and Metallurgical Engineers, 
Technical Publication No. 1301, June, 1941. 
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6.7 A (equal in volume to one unit cell) would be too small to be 
expected, and requires a tensile strength of 338,000 pounds per square 
inch, which is certainly higher than would be expected in completely 
tempered steel. An average diameter of 20 A (about 3 unit cells) 
should have a tensile strength of 295,000 pounds per square inch 
and is probably nearer the value than can be realized experimentally. 
In Table II is listed the tensile strength calculated for spheres of 
various diameters in multiples of the unit cell of cementite. One 
thing brought out by such a table is the large effect on the strength 
produced by particles of small size, and the relatively minor effect 


Table Il 
Calculated Tensile Strength of 0.80 Carbon Steel 
Average Spheroid Diameter Tensile Strength 
in Unit Cells (6.66 A) Pounds Per Square Inch 
338,000 


CSUSBNIAMAWNHe 


1 


associated with a change in size when the particles ate larger, 
although still quite small. This helps to explain the marked strength- 
ening brought about by small amounts of impurities or alloying ele- 
ments when finely dispersed, as in age hardening systems. 

It is interesting fo calculate the average dislocation path to be 
expected in this steel after complete decarburization, or after sphe- 
roidization to very large carbide particles. Assuming that a tensile 
strength of 60,000 pounds per square inch could be reached, the 
mean ferrite path calculates to be 50,000 A, which is 5 microns (5 
millimeters at 1000 diameters magnification). This is of the order 
of magnitude to be expected for several imperfection blocks, and is 
then in line with our expectations concerning the limiting strength of 
polycrystalline aggregates of this ferrite. Grain size should not affect 
the tensile strength until the grains become smaller than this size; 
experiments carried out by two of the authors but not yet ready for 
publication indicate that, for grain sizes considerably greater than 5 
microns, it is true that grain size does not affect the tensile strength 
if the size of the tensile test specimen is always so chosen as to con- 
tain the same number of grains. 
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One experiment was performed to test whether or not the 
amount of the hard, dispersed phase is a variable affecting the resis- 
tance to deformation. It was observed, as may be seen in Fig. 14, 
that the strength of the 1.5 and 3.5 per cent manganese steels is if 
anything lower than the strength of the plain carbon steel, rather than 
higher as might be expected for the same spacing if the ferrite were 
strengthened by the solution of manganese. These steels are lower 
in carbon, and it was suspected that the lesser amount of carbide in 
the structure might be responsible for this, in spite of approximately 
the same spacing. The ferrite in these steels should be no weaker, 
unless the relatively large amount of silicon, copper and nickel in Steel 
B is responsible for its greater strength, which may well be; man- 
ganese is not thought to be very effective in strengthening the ferrite 
in steel. It was thought advisable to determine the strength of hypo- 
eutectoid steel of about the same chemical analysis in the ferrite as 
the eutectoid Steel B. A bundle of wire rod with 0.66 carbon and 
0.61 manganese was obtained from the manufacturer of Steel B (for 
which the data on spheroidized structures were also obtained) and 
reacted by quenching into lead at 631 degrees Cent. (1165 degrees 
Fahr.) to produce a structure which was almost free from pro- 
eutectoid ferrite, although some was present (see Fig. 18d). The 
tensile strength of two specimens so treated is almost identical with 
the tensile strength of the eutectoid steel of the same pearlite spacing 
(the tensile strength of both hypoeutectoid specimens is indicated 
by the triangle in Fig. 14). This result, together with the suspicion 
that the structure of the higher manganese steels is not entirely pearl- 
itic, or at least is pearlite so distorted as to make the spacing meas- 
urements untrustworthy, leads to the conclusion that the amount of 
the hard, dispersed phase, within limits that have not yet been deter- 
mined, exercises no control over the strength of the aggregate struc- 
tures. Further tests on this subject are in progress. 

There is some evidence that the strength of mixed structures 
obeys a simple rule of mixture, without anomalous strength or weak- 
ness. Examination of Figs. 8 and 9 reveals that the strengths of the 
specimens in the temperature range for mixed structures are inter- 
mediate between the values expected by extrapolation of the straight 
lines for the unmixed pearlite and bainite structures. This may be 
explained by supposing the amount of each structure present to be 
a function of the reaction temperature within the mixed structure 
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range, and the spacing and properties of the pearlite and the bainite 
in the mixed structure to be obtainable by extrapolation from the 
temperature range in which each is found alone. If this is so, then it 
would seem that no anomalous property changes are to be expected in 
specimens of nonuniform microstructure, but rather that the strength 
would be known if the amounts and properties of each structure in 
the aggregate were known. Obviously no such conclusion can be 
drawn about tensile ductility, for which there is a sharp minimum 
for mixed structures in Figs. 8 and 9. 

It may be well to emphasize the difficulty of obtaining uniform 
structures in steel. The recalescence studies for lead quenched speci- 
mens big enough for tensile tests show that when the lead bath 
temperature is near the temperature of fastest reaction, the reaction 
product is formed over a considerable range of temperature. Perhaps 
the heterogeneity of structure resulting from this cause is responsible 
for the deficiency of ductility in the mixed structure range. Steel A 
shows more ductility in this range than Steel B, and also shows a 
shorter temperature range over which mixed structures are obtained. 
As mentioned before, it does not yet seem possible to put forth a 
theory explaining the variations in ductility observed. 

The similarity among the stress-strain curves for all the steels 
is worth comment (Fig. 11). The slope of the stress-strain curve 
in the plastic range varies only slightly with composition and treat- 
ment. The yield point behavior of the spheroidized specimens has 
been remarked upon; no explanation is advanced. It may be seen 
that softer pearlitic specimens show no such yield point. It may be, 
as has been frequently suggested, that the yield point in iron is a 
grain boundary effect (single crystals of iron do not exhibit a yield 
point) and that in spheroidized samples the ferrite boundaries have 
an opportunity to exercise an effect that is impossible in pearlite. 
The greater ductility of the spheroidites may also be observed. 

These experiments provide information of interest concerning 
the nature of bainite. Mehl® and others have suggested that bainite 
forms by a different mechanism than pearlite and that it may be 
structurally quite different. The width of what appear to be ferrite 
bands in high temperature bainite is greater than the interlamellar 
spacing of fine pearlite formed at a higher temperature. Bainite as- 
sumes an acicular habit whereas pearlite prefers to grow into 

%Loc. cit. 
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nodules. G. V. Smith’ has found that the orientation relationships 
between austenite and bainite and between austenite and martensite 
are similar, and both are different from the austenite and ferrite-in- 
pearlite relationship,* which indicates a different process of nucleation, 
as suggested by Mehl. The observations reported above concerning the 
strength of bainite and pearlite may be interpreted to mean that 
pearlite and bainite are quite different products, in line with previous 
suggestions and particularly in accord with the orientation relation- 
ship studies of G. V. Smith. The lower strength of bainite at its 
highest formation temperature indicates that it is a coarser structure 
than pearlite at its lowest formation temperature; in the range of 
mixed structures the bainite may be the coarser of the two structures 
present. 

In conclusion it is desired to comment on the excellence of agree- 
ment between the slopes of the plot of the logarithm of the diffusion 
coefficient for carbon in austenite against the reciprocal of the abso- 
lute temperature, as determined by Wells,* and the slope of the plot 
of the logarithm of the pearlite spacing against the reciprocal of the 
absolute temperature of the reaction, shown in Fig. 13, in which all 
the lines are drawn with the same slope as the line drawn by Wells 
and Mehl through their points. This provides the first direct evidence 
of what has long been assumed, that the spacing of pearlite is con- 
trolled by the rate of diffusion of carbon in austenite. It further 
shows that the spacing is directly proportional to the carbon diffusion 
rate. 

Wells and Mehl have shown that the slope of their log D versus 
1/T plot (this slope is Q/R where Q is the activation energy and R 
the gas constant) is not affected by carbon content. They have also 
shown that at 1000 degrees Cent. (1830 degrees Fahr.), manganese 
and nickel have little effect on the diffusion coefficient. Since these 
elements have practically no effect on the diffusion coefficient at 1000 
degrees Cent. (1830 degrees Fahr.), it is fair to assume that they 
have little effect on the slope of the plot. Hence, it is to be expected 
that the slope of the plot of the logarithm of the pearlite spacing 
against the reciprocal of the reaction temperature will be the same for 
steel of any carbon content and perhaps also for any alloy content; 

7G. V. Smith, “The Orientation Relationships Between Austenite and its Decomposi- 


tion Products”, Thesis, Carnegie Institute of Technology, 1941, to be published by Mehl 
and Smith. 


®R. F. Mehl and D. W. Smith, “Orientation of Ferrite in Pearlite”’, Transactions, 
American Institute of Mining and Metallurgical Engineers, Vol. 116, 1935, p. 330. 
‘Loc. cit. 
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possibly the carbide forming elements are different in this respect. 
Then a determination of the spacing for a steel reacted at one tem- 
perature should suffice to calculate the spacing at any other tempera- 
ture. To do this, using Fig. 13, draw a line parallel to the lines al- 
ready there, through the one experimentally determined point, and 
pick the spacing for any other temperature from the line so drawn. 


SUMMARY 


1. The factors that determine the mechanical properties of ag- 
gregate structures consisting of a soft continuous phase and a hard 
dispersed one are the specific properties of the continuous phase and 
the mean uninterrupted path through the continuous phase, whether 
the structure be lamellar or spheroidal. This has been demonstrated 
for the aggregate structures pearlite and spheroidite in the same steel. 

2. The resistance to deformation (yield strength, tensile 
strength, hardness) varies linearly with the logarithm of the mean un- 
interrupted path through the continuous phase. 

3. This rule has been shown to be in accord with modern the- 
ories of the mechanism of plastic deformation. 

4. Calculated tensile strengths for the finest aggregates agree 
with experimental results in tempered steels, and support the ap- 
plication of the rule over a wide range of particle size. 

5. The amount of the hard, dispersed phase is of less conse- 
quence than the mean path through the soft, continuous phase. 

6. In eutectoid, low alloy steel the tensile strength, yield 
strength and hardness plot as straight lines against the reaction tem- 
perature, but the pearlite line for each lies above the bainite line. 
Bainite and pearlite probably are not members of the same con- 
tinuous family of isothermal reaction products as previously sug- 
gested. 

7. The ductility of the bainites and the pearlites is a maximum 
in the middle of the temperature range over which each is formed. 

8. There is an intermediate range of reaction temperatures in 
which mixed structures are formed. The tensile strength, yield 
strength and hardness of these mixed structures lie between the values 
to be expected of completely pearlitic and completely bainitic steels in 
this range, but the ductility as measured by both elongation and re- 
duction in area is lower for mixed structures. 
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9. In isothermal reaction studies of low alloy steels using lead 
baths for quenching and maintaining the reaction temperature, ex- 
treme care must be exercised to = sure that the reaction really takes 
place at the bath temperature, even with very small specimens; with 
larger specimens, it is necessary to determine the reaction tempera- 
ture, which then occurs over a range of temperatures. 

10. When recalescence occurs, as it does for all but the smallest 
specimens when quenched into a bath near the temperature of fastest 
reaction for low alloy steels, the reaction is about half over at the 
peak of the temperature time curve, having started not much before 
the temperature reached its minimum just before recalescence; and 
the reaction is nearly over by the time the temperature again reaches 
the same value as this minimum in the cooling curve. 

11. Spheroidized eutectoid steel exhibits the kind of yield point 
familiar in low carbon steel; the same steel in the pearlitic condition 
and with the same tensile strength has no yield point. The spheroidal 
structure is markedly superior in ductility to pearlite of the same 
tensile strength. 

12. The static crack strength (tensile strength in the presence of 
a sharp crack) varies regularly with the reaction temperature in struc- 
tures formed directly from austenite, and does not reflect the varia- 
tions of ductility observed in the tensile test. 

13. The spacing of pearlite is directly proportional to the coef- 
ficient of diffusion for carbon in austenite for any one steel. 

14. The known rate of variation of the carbon diffusion coeff- 
cient with temperature may be used to calculate the pearlite spacing at 
various reaction temperatures after it has been determined at one 
temperature. 
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W. J. Contey:*® For my part, it is very interesting to have this work pub- 
lished. I have heard some of the authors speak of this work privately and I 
have waited more or less eagerly for the time when definite mathematical 
analyses may be used to check microscopic and actual mechanical tests. Some 

of these findings seem to show great promise since it may be possible by micro- 

scopic examination to tell exactly what properties are possessed by the material. 

It seems to me that if we could get this before the engineers, that eventually 

they not only will design for stresses, but they will know exactly what is hap- 

pening when they have designed for these stresses, and perhaps thus bring 

about closer cooperation between the metallurgist and engineer. 

It has always seemed fortunate to me that we have had engineers and 
metallurgists closely connected because in the past many metallurgical develop- f 
ments have been carried on by former engineers, but in the afternoon meetings 
preceding this session it seemed that.even the engineer who has become a metal- 
lurgist is having difficulties, so that I now wonder whether or not the engineer- 
metallurgist is the answer. 

Dartrey Lewis: What do you mean by the mean free path? 

Dr. GENSAMER: I have avoided the term “mean free path” because it sug- 
gests too close an analogy to the mean free path in gases. I think the average 
distance from one hard particle to another is what we want, that’s all. _ 

Mr. Lewis: How did you measure that distance between carbide plates? ef 

H. B. Huntress :™ I wonder if this discussion is limited to the interlamel- Hf 
lar ferrite? If a hypoeutectoid steel be allowed to cool to the transformation c 4 
temperature at different rates, you would have proeutectoid ferrite. I wonder a 
if this is applicable to the proeutectoid ferrite as well as the lamellar? 

Dr. GENSAMER: Studies of the correlation of properties with the amount 
of distribution of proeutectoid ferrite are under way now in our laboratory; 
perhaps we shall be able to answer this question within a year or two. We 
hope the relation between strength and ferrite path will be general. 


Authors’ Reply 










For the plates, we measured the spacing by measuring, first, the least 
distance between plates; that is, the perpendicular distance from one plate to 2 
another. We did that in the coarser structures by observing those plates which é 3 
were spaced closest together; but for the finer ones where we could not do at 
that, then we had to use the statistical method developed by Miss Pearsall, a4 
~~ ®Professor, University of Rochester, N. Y. ; 


Chief development engineer, John A. Roebling’s Sons Co., Trenton, N. J. é 
“Chief tester, Wickwire Spencer Steel Co., Palmer, Mass. ] 
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in which we measured the area of the surface which we could not resolve 
under the miscroscope, and from this measurement calculated the average value 
of least distance (assuming that we have uniform spacing of the plates, which 
of course, we do not, but what we are talking about here is the average spac- 
ing; and assuming also that the plates are randomly oriented in space). 

We had a series of photomicrographs prepared by Mr. Pellissier in the 
Metals Research Laboratory (a large number of photomicrographs of one 
sample of uniform pearlite) for which we measured by the_statistical method, 
and by the direct method, the least pearlite spacing. We knew then the per- 
pendicular distance from plate to plate. Then we simply took these photo- 
graphs and made a great many measurements of the distance from plate to 
plate in all possible directions, thus determining the average path. The average 
path was in this way determined experimentally to be between 1.9 and 2.0 times 
the least distance. For other specimens we used the same factor, on the aver- 
age 1.95 times the least distance, as our mean ferrite path; obviously the fac- 
tor is applicable only to specimens consisting wholly of pearlite of fairly uni- 
form spacing. 





THE TEMPERING OF TWO HIGH-CARBON, 
HIGH-VANADIUM HIGH SPEED STEELS 


By BERNARD S. LEMENT AND Morris CoHEN 


Abstract 


The tempering of two high-carbon, high-vanadium 
high speed steels was investigated by means of hardness, 
specific volume, X-ray and dilatometric measurements. 
The center of attention in this research was the trans- 
formation of the retained austenite which occurs during 
cooling from the tempering temperature. The effects 
of single and multiple tempering on the secondary hard- 
ening and retained austenite transformation were deter- 
mined for various section sizes. 

The presence of face-centered cubic vanadium car- 
bide, not found in 18-4-1 high speed steel, was detected 
in both high-carbon, high-vanadium steels. However, 
the fundamental tempering mechanism is shown to 
be quite similar to that of 18-4-1. The amount of re- 
tained austenite which transforms during cooling after 
tempering depends upon the time and temperature of 
tempering. A straight line relationship was established 
between the tempering temperature and the logarithm of 
the tempering times necessary for maximum secondary 
hardening and for complete transformation of the re- 
tained austenite. Based on the results of this work, 
optimum tempering treatments from a practical point of 
view are given for both steels. 


HE study of 18-4-1 high speed steel by Cohen and Koh (1)' 

has revealed that four stages are involved in the tempering 
process. The first stage consists of the decomposition of the tetrag- 
onal martensite and accounts for the initial softening of hardened 
high speed steel during tempering. Secondary hardening was shown 
to be the result of the second and third stages which overlap: 
precipitation of complex carbides from the retained austenite and 
the subsequent transformation of this austenite on cooling from the 
tempering temperature. The fourth stage, which involves the precip- 


1The figures appearing in parentheses refer to the bibliography appended to this paper. 


A paper presented before the Twenty-third Annual Convention of the 
Society held in Philadelphia, October 20 to 24, 1941. The authors, Bernard S. 
Lement and Morris Cohen, are associated with the Department of Metallurgy, 
Massachusetts Institute of Technology, Cambridge, Massachusetts. Manuscript 
received June 25, 1941. 
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itation of complex carbides from the ferritic matrix of the first 
stage, is not encountered in normal commercial tempering. It was 
found that in normal heat treatment very little of the retained aus- 
tenite in quenched 18-4-1 high speed steel transforms at the 
tempering temperature ; instead, it transforms during cooling to room 
temperature. The amount of austenite which thus transforms and 
the temperature at which the transformation begins during cooling 
depend principally on the time and temperature of tempering. How- 
ever, the retained austenite transformation may be made to occur 
isothermally, provided that cooling from the tempering ee 
is stopped within the proper temperature range. 

Other high speed steels are now being investigated at M.I.T. 
to determine if the same mechanism of tempering occurs as in 
18-4-1. The present paper describes an investigation of the temper- 
ing of two high-carbon, high-vanadium steels. Both steels con- 
tained approximately 1.25 per cent carbon, 4 per cent vanadium, 
and 4.5 per cent chromium. They differed in that one contained 
about 8 per cent molybdenum with no tungsten while the other 
contained about half as much molybdenum along with 5 per cent 
tungsten. These steels are of considerable industrial importance 
because they are reported to have exceptional resistance to abrasion 
due to their unusually high carbon and vanadium contents. At the 
same time, this marked departure from the 18-4-1 analysis makes it 
risky to assume by simple analogy that the mechanism of tempering 
in 18-4-1 also holds for the high-carbon, high-vanadium steels. 

The purpose of this research, therefore, was to study the effect 
of various tempering treatments on the phase transformations which 
occur in the high-carbon, high-vanadium high speed steels. The 
focus of attention was the transformation of the retained austenite. 
Also, special consideration was given to the determination of optimum 
tempering treatments from a practical as well as scientific point of 
view. 

The method of procedure used in this investigation followed 
closely the work done by Cohen and Koh (1) on 18-4-1 high speed 
steel. Hardness, specific volume, and X-ray measurements were car- 
ried out on two sizes of hardened specimens after both single and 
multiple tempering. In addition, many dilatometric runs were made 
to follow the transformation of the retained austenite during. both 
continuous and interrupted cooling from the tempering tempera- 
ture. 
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Hicu Speep STEELS 


The addition of vanadium to high speed steel is a develop- 
ment of Dr. J.‘A. Mathews to whom was issued the first patent in 
1905 (2). Taylor’s “best analysis” in 1906 contained about 0.30 
per cent vanadium (2); but later work indicated the desirability of 
raising the vanadium content to 1 per cent, thus resulting in the 
standard 18-4-1 composition. Kinzel and Burgess (3) have studied 
the interrelation of vanadium and carbon in compositions of the 18-4 
type. Their findings indicate that vanadium improves the cutting 
efficiency of the 18 per cent tungsten + 4 per cent chromium high 
speed steels provided that the carbon content is properly controlled. 
They recommended that, for optimum forgeability and cutting effi- 
ciency, the carbon content should be increased 0.2 per cent for each 
1 per cent increase in vanadium over the standard analysis. The 
best composition was considered to be not far from 1.5 per cent car- 
bon and 5 per cent vanadium. 

In view of the present-emphasis on substituting molybdenum 
for tungsten in high speed steels, it is not surprising that this has 
been done with steels of the high-carbon, high-vanadium type. The 
laboratory of the Stalingrad Tractor Plant (4), U. S. S.R., investi- 
gated three steels, two of which were relatively low in tungsten, 
3.5 and 5 per cent, while the third was tungsten-free. The three 
steels contained about 4 per cent of both molybdenum and chromium 
in addition to 3 to 4 per cent vanadium and over 1 per cent carbon. 
It was found that these high-carbon, high-vanadium high speed steels 
exhibited greater cutting efficiency than 18-4-1 high speed steels in 
lathe tests. 

Gulyaev and Ossipov (5) studied the suitability of five high- 
carbon, high-vanadium steels containing various combinations of 
tungsten and molybdenum. It was shown that these steels could be 
forged like the conventional high speed steels and that they responded 
to tempering in essentially the same manner. A tempering tempera- 
ture of 1020 degrees Fahr. (550 degrees Cent.) was suggested for all 
five steels. Multiple tempering was recommended for stress reliev- 
ing purposes. In lathe cutting tests, the steels investigated proved 
generally superior to 18-4-1. 
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EXPERIMENTAL DETAILS 


Steels Investigated—The compositions of the high-carbon, high- 
vanadium steels studied in the present investigation are given in 
Table I. For the purposes of this paper, the alloys will be referred 
to as the molybdenum-tungsten steel and the molybdenum steel 
respectively. 





Table I 
Chemical Analysis 
Symbol Cc Mn S P Si Cr V ~Mo W 
Mo-W 1.32 0.28 0.023 0.015 0.21 4.6€0 4.00 4.11 5.20 
Mo 1.20 0.30 tr. 0.012 0.26 4.39 4.10 7.75 pales 














Hardening Treatment—The specimens used for this work were 
in the form of %4-inch cubes, l-inch cubes, and dilatometer sizes 
\% inch in diameter by 4 inches long. Previous to hardening, the 
cube specimens were cylindrically ground (concave) on one face 
in order to fit the curvature of a Phragmen No. 2 X-ray camera. 
All specimens were hardened at the laboratory of the Vanadium 
Alloys Steel Company through the courtesy of James P. Gill who 
also furnished the steel. The hardening treatment consisted of pre- 
heating to 1400 degrees Fahr. (760 degrees Cent.) followed by 
heating to 2220 degrees Fahr. (1215 degrees Cent.) and oil quench- 
ing. The time at the high heat temperature was adjusted in accord- 
ance with the sizes of the specimens in order to result in the same 
effective hardening treatment. The specimens were protected with 
Sel-Car paint in order to minimize oxidation and decarburization 
during the hardening operation. 

Tempering Treatments—Single and multiple tempering of the 
¥4-inch and 1l-inch cube specimens of both steels were carried out in 
the range of 975-1100 degrees F. (525-595 degrees Cent.) for times 
ranging from 3 minutes to 24 hours. A lead bath was used for 
the shorter tempering runs and a circulating air furnace for the 
longer_runs... All of the tempering times given in this paper mean 
“time at temperature”, and, of course, differ from the “time in the 
furnace” by the “time to reach temperature”. The effect of multi- 
ple tempering was studied by giving each singly tempered specimen 
(after the various measurements were made) an additional period 
of time at temperature to bring the cumulative tempering time equal 
to the single tempering time of the next specimen in the series. 
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Dilatometer runs were made at 1000, 1050 and 1100 degrees 
Fahr. (540, 565 and 595 degrees Cent.) for the molybdenum-tung- 
sten steel, and at 1000, 1020 and 1050 degrees Fahr. (540, 550 and 
565 degrees Cent.) for the molybdenum steel. These runs included 
multiple tempering. Holding temperatures in the range of 300-600 
degrees Fahr. (150-315 degrees Cent.) were selected for the inter- 
rupted cooling runs after tempering for 5 hours at 1050 degrees 
Fahr. in the case of the molybdenum-tungsten steel and for 5 
hours at 1000 degrees Fahr. in the case of the molybdenum steel. 

Types of Measurements—Hardness, specific volume, and X-ray 
measurements were made on the %4-inch and 1-inch cube specimens 
of both steels while the 4-inch by %-inch diameter specimens were 
used for the dilatometer runs. The general details of these meas- 
urements have been described elsewhere (1). The hardness values 
were reproducible to within + ™% unit on the Rockwell C scale. In 
the case of the specific volume determinations, the experimental 
error was calculated to be + 4 parts in 10,000 at a reference tem- 
perature of 72 degrees Fahr..(22 degrees Cent.). Changes in length 
were measured to within + 1 part in 100,000 during the dilatom- 
eter runs. 

The %-inch and 1-inch cube specimens used for the X-ray meas- 
urements were deep acid etched with equal parts of concentrated 
HCl, HNO,, and H,SO, in order to remove the surface metal dis- 
torted by grinding. In identifying the diffraction lines appearing in 
the X-ray patterns, it was found helpful to make photograms of 
the isolated carbides. Separation of the carbides was accomplished 
by dissolving specimens in boiling 1:3 HCl and collecting the resi- 
due on a filter paper. After washing with dilute NaOH, water, 
dilute HCl, and water again, the residue was dried and X-rayed. 
The advantage of this procedure was to eliminate the ferrite and 
austenite lines and to increase the intensity of the carbide lines. 


DISCUSSION OF RESULTS 


Specific Volume and Hardness Results—The specific volume 
and hardness of the cube specimens in the hardened condition are 
given in Table II. Each value represents the average of measure- 
ments on 25 specimens. 
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Table Il 
Average Specific Volume and Hardness of the As-Hardened Specimens 
Cube Specific Volume > 
Size c.c./Gram Rockwell C 
Steel Inches Hardness 
Mo-W yy 0.12594 65.8 
Mo-W 1 0.12618 65.9 
Mo y 0.12905 66.1 
Mo =: 1 0.12823 66.1 


The hardness readings on the as-quenched specimens were quite 
consistent. As seen in Table II, the large and small cubes of both 
steels had hardness values very close to Rockwell C 66. However, 
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Fig. 1—Plots of Hardness and Change in Specific Volume Versus 


Tempering Time for the Mo-W Steel, % and 1-Inch Cube Specimens, Tem- 
pered at 1000 Degrees Fahr. 


both steels displayed considerable variation in the specific volumes 
of the %4-inch cubes as compared to the l-inch cubes. These varia- 
tions were too large to be accounted for by differences in the high 
heat treatment. It is more likely that, in view of segregations ob- 
served microscopically, the denser specimens contained a larger 
proportion of the heavy complex carbides. In order to compensate 
for these variations, it was decided to plot the change in the specific 
volume (rather than the absolute values) during tempering, the 
change being taken as the difference between the specific volume of 
any specimen after tempering and its specific volume in the as- 
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Fig. 2—Plots of Hardness and Change in Specific Volume Versus Tem- 


pering Time for the Mo-W Steel, %-Inch Cube Specimens, Tempered at 
1050 Degrees Fahr. 
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Tempering Time for the Mo Steel, % a “\-Inch Cube Specimens, Tem 
pered at 1000 Degrees Fahr.. 


hardened condition. That this procedure was entirely justified is 


demonstrated in Figs. 1 to 3 by the close correlations found for the 
tempering of the large and small cubes. 


Figs. 1 to 4 show typical tempering curves for the two steels 
at 1000 and 1050 degrees Fahr. (540 and 565 degrees Cent.). Data 
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for single and multiple tempering of both the %-inch and 1-inch 
cubes are contained in these plots. The curves for the other runs 
made at higher and lower tempering temperatures displayed very 
similar trends, and are not included for the sake of brevity. On the 
whdle, there was little difference in the response of the large and 






Se MR we iat 
Pt estat | 
FE Cs Gs 


© Single Tempering 


Change in Specific VolumexlO5 Rockwell 
© 


50 

As 005 Q10 O20 05 WwW 2 50 1 2 50 
Hardened Time at Temperature, Hours 
Fig. 4—Plots of Hardness and Change in Specific Volume Versus~-Tem- 


en on the Mo Steel, %-Inch Cube Specimens, Tempered at 1050 
small specimens to tempering. The two sizes of each steel reached 
maximum secondary hardening after approximately equal times at 
each tempering temperature, and underwent the same changes in 
volume. Furthermore, the changes in hardness and volume as a 
function of the tempering time were practically independent of 
whether the tempering was carried out in a single operation or in 
a multiple treatment for the equivalent length of time. 

For the most part, the range of tempering temperatures and 
times studied covered the transformation of the retained austenite 
which was characterized by a marked increase in specific volume.’ 
This stage was always preceded by an initial contraction due to the 
decomposition of the primary martensite present in the hardened 
steel. An important aspect of all the specific volume curves was 
their tendency to reach a maximum and flatten out with increased 
tempering times. The attainment of constant volume was taken | 
as an indication of substantially complete transformation of the 





*It will be shown under “Dilatometer Results” that the retained austenite transforma 
tion did not occur at the tempering temperature but during the cooling from the tempering 
temperature. 
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retained austenite (by the time the tempered specimens reached 
room temperature). It is recognized that minute traces of austenite 
may persist even after the attainment of constant volume, but such 
traces are not considered significant for the purposes of this work. 
The time-temperature combinations for the achievement of max- 
imum secondary hardening and of substantially complete transfor- 


Tempering Temperature, F 


00 
Q0S5 Qi Q2 Q6 7 
lime at Temperature, Hours 


Fig. 5—Time-Temperature Combinations to Obtain Maximum Sec- 


ondary Hardening and Substantially Complete Austenite Transforma- 
tion. 7 


mation of the retained austenite are shown graphically in Fig. 5. 
These linear relationships between the tempering temperature and 
the logarithm of the tempering time permit quantitative interpola- 
tion for intermediate tempering temperatures and demonstrate the 
rapid increase in the rate of tempering with increase in temperature. 
In all cases, the secondary hardening reached its maximum value 
before the attainment of complete transformation. The hardness 
at the time of complete transformation was usually less than one 
Rockwell C point below the maximum hardness. 

The longer tempering times needed to cause complete trans- 
formation of the retained austenite in the molybdenum-tungsten 
steel as compared to the molybdenum steel signified that the re- 
tained austenite in the former steel was more stable. For example, 
on tempering at 1050 degrees Fahr., it required 5 hours to at- 
tain complete transformation in the molybdenum-tungsten ‘steel and 
only one-half hour in the molybdenum steel. Furthermore, the 
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molybdenum-tungsten steel contained more retained austenite in the 
as-hardened condition than did the molybdenum steel, as indicated by 
the relative magnitudes of the volume changes due to the austenite 
transformation (compare Figs. 1 and 2 with 3 and 4). The molyb- 
denum-tungsten steel also showed more resistance to softening when 
tempered at high temperatures. As an illustration, on tempering at 
1100 degrees Fahr., the molybdenum-tungsten steel softened to Rock- 
well C 62 in 24 hours, while the molybdenum steel reached this 
hardness value in only 2 hours and dropped to Rockwell C 56 in 24 
hours. 

X-ray Results—An analysis of the X-ray photograms taken 
on Nos. 1, 2 and 3 Phragmen cameras revealed that four phases 
existed in the hardened steels. Three of these phases, retained 
austenite, primary martensite and complex face-centered cubic car- 
bides, have already been found in hardened 18-4-1 (1). The fourth 
phase was established as face-centered cubic vanadium carbide. The 
presence of this carbide in the high-carbon, high-vanadium high speed 
steels was verified by comparing photograms of the residue ob- 
tained from the two steels after solution in 1:3 HCl with the photo- 
grams of a similarly prepared residue from a straight iron-carbon- 
vanadium alloy. The latter alloy analyzed 1.5 per cent carbon and 
4.5 per cent vanadium. The lattice parameters of the carbide phases 
are given in Table III. 


Tabie Ill 
Lattice Parameters of Carbide Phases 
(All Carbides are Face-Centered Cubic) 
Carbide Steel Lattice Parameter A.U. 
(Fe, W, Mo), C Mo-W, HiC-HiV 11.05 
(Fe, Mode C Mo, HiC-HiV 11.05 
(Fe, W). C 18-4-1 (1) 11.057 
VC Mo-W, HiC-HiV 4.178 
vc Mo, HiC-HiV 4.175 
vc Fe-C-V alloy 4.160 
ve Reference (6) 4,157 


The general formula of the complex carbide phase was estab- 
lished by comparison with data obtained on 18-4-1 high speed steel, 
while the general formula of the vanadium carbide phase was ascer- 
tained by reference to the careful chemical and X-ray work done 
on this phase by Maurer, Doring, and Pulewka (6). Conceivably, 
the excellent abrasion resistance of the high-carbon, high-vanadium 
high speed steels is related to the presence of the vanadium carbide, 
not found in other types of high speed steel. It is interesting to 
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note that the complex carbide had the same parameter in the three 
high speed steels, despite the fact that the molybdenum steel con- 
tained no tungsten and the 18-4-1 contained no molybdenum. The 
explanation probably lies in the fact that the elements, tungsten and 
molybdenum, have almost equal atomic radii and that the carbide 
phase can dissolve either or both kinds of atoms in equivalent pro- 
portions. The lattice parameter of the vanadium carbide phase in 
the high-carbon, high-vanadium high speed steels was found to be 
somewhat larger than when present in the straight iron-carbon- 
vanadium alloy. This divergence is readily explained on the assump- 
tion that the vanadium carbide is capable of dissolving some molyb- 
denum and tungsten, both of relatively large atomic radii. 

The most significant part of the X-ray work was in following 
the changes in lattice parameter and intensity of the retained aus- 
tenite lines. Judging from line intensities, both steels appeared to 
contain appreciably more austenite than found in 18-4-1. Table 
IV shows the results of tempering the molybdenum-tungsten steel 
at 1050 degrees Fahr. (565 degrees Cent.) and the molybdenum 
steel at 1000 degrees Fahr. (540 degrees Cent.). The decrease in 
the parameter of the retained austenite during the tempering was 
traced to carbide precipitation which, just as in the case of 18-4-1, (1) 
lowered the carbon and alloy contents of the austenite sufficiently 
to permit transformation during the cooling to room temperature. 
The austenite lines decreased in intensity and disappeared in exact 
accordance with the extent of transformation shown by the changes 
in specific volume. This agreement demonstrates that the specific 
volume measurements gave an accurate picture of the progress of 
the retained austenite transformation. 

The martensite or ferrite lines were quite broad, and, hence, 
the parameters are given as a range of values in Table IV. The 
martensite (110) line could not be resolved into a doublet, and 
therefore, it was not possible to establish the tetragonal nature of 
this phase. As the data in Table IV indicate, the martensite line 
sharpened appreciably during the course of tempering. 

Dilatometric Results—The typical dilatometric curves in Figs. 
6 to 10 clearly demonstrate that the retained austenite transformation 
in these high-carbon, high-vanadium high speed steels occurred 
largely during the cooling from the tempering treatment just as 
in the case of 18-4-1 (1). In some of the runs, a small amount of 
transformation was noted at the tempering temperature (shown by 











1S 


December 


TRANSACTIONS OF THE A. S. M. 


1032 





Bu013S$ 
Bu0l3sS 
Buoys 
Bu013g 
Bu013S 
Bu0lyS 
Zu0lisg 
Bu013S 
Ayisuojuy 
DAT}LLIY 


S16°2-ZS8°2 
S16'2-1S8°2 
S16'2-ZS8°2 
616°2-SS8°2 


‘N'v ‘esuey 
JayIWIVIEg 


our] (OTT) 2311197 


—1487 $90139q 00OT 38 pesodwiay [203g OK" “1 8 $99139q] OSOT 38 posr9duiay [20319 MM -OW—— 


Supsodwsa], BUjANG souyj’] 9341194 pus oyuUoRsMy JO AjjSUdRU] puw JoJOWBIEG 99]}}8"] UT UOFBLIeA 
Al 91981 


IN 
[IN 
EN 
RIM SI9'¢ 
wnIpeW £19°¢ 
wnIpoW 029°¢ 
BU013$ 229'E 
Buo0ss 2z9'¢ 
Aysusjzuy ‘N'v 
PAI}VPPY «=—-« AOJOUIBIeY 


aur] (00z) a1ueIsHY 





Buo0s3s 
Bu013S 
Buo01jsg 
Buo0lyg 
Buo013S$ 
Buo013S 
Buolys 
Bu0lzS 
Ayisuajzuy 
DAIPUIIY 


668°2-ZS8'Z 
106°2-2S8°Z 
106°2-$S8'°Z 
806'2-6S8'Z 
0162-9982 
$06°2-£98'°2 
016'2-998"2 
S16°2-S8'2 


‘AV ‘esuey 
Ja}aWIeIeG 


our] (OIT) 231419,4 


TIN 4 
ITN 00! 
I'N o's 
HeOM 909°¢ 07 
wnipey 119° OT 
wnIpsAl £19"¢ $0 
3U01}S Si9"¢ $z'0 
Bu0lS L19°¢ 0 
Ayisusjzuy ‘n'v sinoyy 
DAIVVLOY 


JozIWIBIeT out L 
eulyy (00Z) PzUsIsNYy Bursoduray 


Fig. 6 shows the changes in length of the molybdenum-tung- 


was always insignificant compared to the magnitude of the later 
sten steel during three tempering cycles at 1000 degrees Fahr. (540 


the small isothermal expansion on some of the curves), but this 
transformation which took place during cooling. 
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degrees Cent.). The contraction superimposed on the first heating- 
expansion curve was due to the decomposition of the primary marten- 
site contained in the as-hardened steel. No evidence of austenite 
transformation was found during the 1l-hour treatment at 1000 
degrees Fahr., but the transformation did set in at 125 degrees Fahr. 
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Fig. 6—Dilation Curves of Mo-W 


Steel Showing Three Tempering Cycles 
at 1000 Degrees Fahr. 


(50 degrees Cent.) during subsequent cooling and continued isother- 
mally at room temperature for about 14 hours. Giving the same 
specimen 4 additional hours at 1000 degrees Fahr. caused most of 
the remaining austenite to transform during cooling. However, 
there was still a small amount of austenite left, as denoted by the 
further expansion during cooling after 19 more hours at 1000 de- 
grees Fahr. This result confirmed the specific volume measurements 
of Fig. 1 which demonstrated that 24 hours at 1000 degrees Fahr. 
were required to condition the retained austenite in the molybde- 
num-tungsten steel for complete transformation. 

For the sake of simplicity, only the cooling curves are given in 
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Figs. 7-10. The dotted line shown in these figures represents the 
normal contraction of the steel when no austenite transformation 
occurs, and permits a convenient estimation of the expansion caused 
by the austenite transformation during the actual runs. 

The curves for the molybdenum-tungsten steel during three 
tempering cycles at 1050 degrees Fahr. (565 degrees Cent.) are 
shown in Fig. 7. Tempering for 1 hour brought about conversion 
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Fig. 7—Dilation Curves of Mo-W Steel 
Showing Three Tempering Cycles at 1050 
Degrees Fahr. 


of the major portion of austenite. A second cycle of 4 hours 
resulted in complete transformation as indicated by the fact that the 
third cycle caused no further expansion. 

The results of different tempering treatments on the molybdenum 
steel are demonstrated in Figs. 8-10. In line with the previous 
specific volume measurements of Fig. 3, a cumulative treatment of 
5 hours at 1000 degrees Fahr. (Fig. 8) was sufficient to cause 
complete transformation. During cooling after the 1-hour temper, 
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the transformation began at 200 degrees Fahr. (95 degrees Cent.) 
and continued for some time after room temperature was reached 


just as did the molybdenum-tungsten steel after being tempered for 
1 hour at 1000 degrees Fahr. (Fig. 6.) 
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Fig. 8—Dilation Curves of Mo Steel 


Showing Three Tempering Cycles at 
1000 Degrees Fahr. 


Figs. 9 and 10 represent two different multiple tempering com- 
binations at 1020 degrees Fahr. (550 degrees Cent.). Tempering 
for 1 hour and then another hour resulted in complete transforma- 
tion as did a straight 2-hour temper. This result was in excellent 
agreement with the time for complete transformation as predicted 
by the straight line relationship in Fig. 5. 

The M-points, or temperatures at which the austenite transfor- 
mation sets in during cooling after various tempering treatments, 
are listed in Table V for the two steels. The raising of the M-points 
by higher tempering temperatures and longer tempering times is 
evident. 

Several dilatometric runs were made in which the cooling from 
the tempering temperature was interrupted for 36 hours at vari- 
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Table V 
M-Points for Various Tempering Treatments 

Tempering Tempering M- 

Temperature Time Poin 
Steel Degrees Fahr. Hours Degrees Fahr. 
Mo-W 1000 1 125 
Mo-W 1050 440 
Mo-W 1050 5 600 
Mo-W 1100 1 640 
Mo 1000 1 250 
Mo 1000 5 500 
Mo 1020 1 400 
Mo 1020 2 480 
Mo 1050 1 550 


ous temperatures within the transformation range. The result- 
ing dilation curves are shown in Fig. 11 for the molybdenum-tungsten 
steel after tempering for 5 hours at 1050 degrees Fahr. (corre- 
sponding M-point — 600 degrees Fahr. — 315 degrees Cent.), and 
in Fig. 12 for the molybdenum steel after tempering for 5 hours at 
1000 degrees Fahr. (corresponding M-point — 500 degrees Fahr. = 
260 degrees Cent.). According to Fig. 5, both of these treatments 
conditioned the retained austenite for complete transformation during 
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Fig. 10—Dilation Curves of Mo Steel 


Showing Two Tempering Cycles at 1020 
Degrees Fahr. 


continuous cooling to room temperature. When the cooling was in- 
terrupted at some temperature below the M-point, the normal (con- 
tinuous-cooling) transformation set in at the M-point and continued 
down to the holding temperature. The isothermal expansion observed 
at each holding temperature signified that the austenite transformation 
occurred even when the cooling was stopped. In the runs where the 
retained austenite transformation was not complete after the 36-hour 
holding period, the rest of the transformation took place during the 
subsequent cooling to room temperature. The maximum isothermal 
expansion took place at 550 degrees Fahr. (250 degrees Cent.) in 
the molybdenum-tungsten steel and at 450 degrees Fahr. (230 de- 
grees Cent.) in the molybdenum steel. In both cases, about 75 per 
cent of the total isothermal expansion occurred within 1 hour after 
the cooling was stopped. Further work is now in progress to deter- 
mine whether the isothermal transformation product is the same as 


the product formed during continuous cooling from the tempering 
temperature. 
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Curve 1 Continuous Cooling 
Cooling Interrupted for 
56 Hours at: 


Change in Length, Inches per ncn 








Jemperature, °F 
Fig. 11—Dilation Curves of Mo-W 
Steel Showing the Effect of Interrupt- 


ing the Cooling from the Tempering 
Temperature. 


PRACTICAL SIGNIFICANCE OF RESULTS 


In the tempering of high-carbon, high-vanadium high speed 
steels, secondary hardness and substantially complete transforma- 
tion of the retained austenite may be attained by numerous time- 
temperature combinations. From a practical point of view, however, 
it is preferable to select a tempering temperature which will yield 
these desiderata in about 2 to 2%4 hours. The straight line relation- 
ships of Fig. 5 indicate that complete transformation may be accom- 
plished in this time at 1075 degrees Fahr. (580 degrees Cent.) in the 
case of the molybdenum-tungsten steel and at 1020 degrees Fahr. 
(550 degrees Cent.) for the molybdenum steel. The resulting hard- 
ness values of both steels lie in the range of 65-66 Rockwell C, and 
are only slightly below the maximum attainable secondary hardness. 
These optimum treatments may be applied to any section size up to 
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at least 1 inch, provided the time to reach temperature is taken into 
consideration. 

In view of the fact that the two high-carbon, high-vanadium 
steels investigated contain more austenite in the hardened condition 
than 18-4-1 and that the bulk of the austenite transforms with a large 
expansion during cooling from the tempering temperature, very high 
internal stresses may exist in the as-tempered steels. Using longer 
times of single tempering does not eliminate these stresses because the 
austenite still transforms on cooling. Such stresses are likely to 
cause progressive changes in dimensions of tools after final grinding. 
Furthermore, the embrittlement which accompanies these stresses may 
lead to premature failure of tools in service. 

The stressed condition may be alleviated by multiple tempering, 
in which the second tempering tends to relieve the stresses set up 
by the transformation during the cooling of the first tempering 
cycle. However, the time of the first tempering operation must be 
properly chosen. If this time is too short, the austenite will only be 
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partially conditioned and, hence, may start to transform during 
cooling not far above room temperature. This situation will result 
in large volume changes at or near room temperature where the steel 
is least able to accommodate itself to the changes. Hence, abnormally 
high internal stresses or even cracking may occur. Accordingly, it is 
recommended that when multiple tempering is used for these high 
speed steels, the first tempering treatment should consist (as in the 
case of single tempering) of 2 to 2% hours at 1075 degrees Fahr. 
(580 degrees Cent.) for the molybdenum-tungsten steel and 2 to 24% 
hours at 1020 degrees Fahr. (550 degrees Cent.) for the molybdenum 
steel. These treatments condition substantially all of the retained aus- 
tenite to transform during cooling, but the temperature at which the 
transformation starts is appreciably above room temperature and there 
is no chance for large volume changes to occur near room tempera- 
ture. The second tempering treatment then becomes simply a stress 
relieving or toughening operation and may consist of 1 or 2 hours at 
the temperature used for the first treatment. The second tempering 
causes a decrease in hardness of less than one-half Rockwell C point. 
Rapid cooling after the first tempering treatment, particularly in the 
case of complicated tools, should be avoided in order to minimize 
distortion and possible cracking as a result of the transformation 
stresses. 

If desired, the time of tempering may be reduced to 1 hour 
by raising the tempering temperature to 1100 degrees Fahr. (595 
degrees Cent.) for the molybdenum-tungsten steel and to 1035 degrees 
Fahr. (560 degrees Cent.) for the molybdenum steel (c.f. Fig. 5). 
A second 1l-hour temper would suffice to relieve the transforma- 
tion stresses. However, these higher tempering temperatures require 
more accurate timing and temperature control. 

The interruption of the cooling from the tempering temperature 
is another possible method for minimizing the stresses caused by the 
austenite transformation. The advantage of this treatment is that 
the transformation is allowed to take place isothermally at a tem- 
perature which is above the range over which the bulk of the 
austenite would transform during continuous cooling. The optimum 
holding temperature is 550 degrees Fahr. (290 degrees Cent.) for 
the molybdenum-tungsten steel and 450 degrees Fahr. (230 degrees 
Cent.) for the molybdenum steel. Interrupting the cooling at these 
temperatures for 1 hour will cause about 75 per cent of the re- 
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tained austenite to transform isothermally. The remainder will 
transform on further cooling to room temperature. 


CONCLUSIONS 


1. Hardened high-carbon, high-vanadium high speed steels, 
with and without tungsten, contain primary martensite, retained 
austenite, undissolved complex carbides, and undissolved vanadium 
carbides. 

2. The general tempering mechanism is quite similar to that 
which takes place in 18-4-1. 

3. As in 18-4-1, very little of the retained austenite transforms 
at the tempering temperature. The bulk of it transforms on cooling 
from the tempering temperature. 

4. The amount of austenite which transforms during cooling 
depends on the extent of carbide precipitation which occurs at the 
tempering temperature. The M-point of the austenite transforma- 
tion is higher with higher tempering temperatures and longer temper- 
ing times. . 

5. As with 18-4-1, the retained austenite may transform 
isothermally if the cooling from the tempering temperature is stopped 
within the proper temperature range. 

6. For all practical purposes, the cumulative tempering time 
required to condition the retained austenite for complete transfor- 
mation is independent of whether the tempering is carried out as 
a single or multiple treatment. 

7. The optimum tempering temperature is 1075 degrees Fahr. 
(580 degrees Cent.) for the molybdenum-tungsten steel and 1020 
degrees Fahr. (550 degrees Cent.) for the molybdenum steel. These 
temperatures produce substantially complete transformation of the 
retained austenite in 2 or 2%4 hours. 

8. The response to tempering is the same for section sizes up 
to at least 1 inch, provided that the time to reach temperature is 
taken into consideration. 

9. Multiple tempering is recommended as a means of relieving 
the internal stresses caused by the volume changes accompanying the 
austenite transformation during cooling from the tempering temper- 
ature. The first tempering treatment should be sufficient to condi- 
tion virtually all of the austenite for transformation. The second 
tempering treatment then serves as the stress relieving operation. 
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DISCUSSION 


Written Discussion: By Robert S. Rose, manager, Boston District, 
Vanadium-Alloys Steel Co., Boston. 

This investigation of the tempering characteristics of high-carbon, high- 
vanadium high speed steels seems to have both practical and technological 
importance. These steels in the past two years have been successfully applied 
to broaches, reamers, form tools, and even heavy-duty lathe and planer tools. 
The superior abrasion resistance which has been experimentally established by 
wear tests’ as well as by tool productivity is likely due to the pronounced 
increase in amount of complex carbide as well as the presence of vanadium 
carbide as suggested by the authors. 

The practical significance of this paper lies principally in showing the gen- 
eral similarity of the tempering mechanism to that of 18-4-1, and in the M-Point 
data of Table V. The former clearly justifies concluding that multiple temper- 
ing is beneficial to high-carbon, high-vanadium high speed steels, and the latter 
makes it equally clear that just any two draws are insufficient. In the past 
two years there has been considerable emphasis placed upon multiple tempering, 





1By the use of an inn Oe operating eccentrically, the loss of weight and length 
was about half that of 0.70 car 18-4-1. 
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but altogether too little recognition of the controlling effect of time and tem- 
perature, particularly of the first draw. Table V indicates and Figs. 6 and 8 
illustrate the near room temperature austenite > martensite expansion that 
takes place in high speed steel drawn at too low a temperature or for too short 
a time or both. The importance here of proper selection of time and tempera- 
ture appears even greater than with 18-4-1 in view of the greater percentage of 
austenite retained when quenched. 

Attempts to measure the maximum fiber strength and deflection of the 
molybdenum-tungsten type after quenching from 2220 degrees Fahr. (1215 de- 
grees Cent.) and drawing at 1000 degrees Fahr. (540 degrees Cent.) for 1 
hour were ineffectual as the samples broke after the application of very light 
loads. This would seem to confirm the authors’ statement that low temperature 
austenite conversions are accompanied by abnormally high internal stresses. 

The technological importance, it seems to me, is the graphic evidence that 
there is a straight line relationship for time to maximum hardness and time 
to complete austenitic transformation between tempering temperature and the 
logarithm of the tempering time. This is an improvement over the much 
published high speed curves using temperature as the abscissa and hardness as 
the ordinate. Actually these latter are only partially correct as the important 
factor of time is completely obscured. 

Written Discussion: By W. E. Bancroft, chief metallurgist, Pratt & 
Whitney Co., Division Niles-Bement-Pond Co., Hartford, Conn. 

The authors are to be congratulated on an excellent piece of work in 
developing important and usable information on the tempering characteristics 
of these two molybdenum-bearing steels. This paper is, of course, of very 
timely interest due to the present shortage of tungsten. However, this writer 
cannot help but wish that this particular investigation might have been carried 
out on one or two molybdenum high speed steels whose compositions were more 
likely to receive universal acceptance as substitutes for 18-4-1 high speed steel. 
This is not in any way meant as condemnation of this excellent paper but 
rather as an expression of the hope that a similar report on some of the more 
common types of molybdenum high speed steels may be forthcoming in the 
near future either from these same authors or someone else equally well pos- 
sessed of the necessary opportunity, equipment and ability. 

There seems to be little that can be criticized in the authors’ general layout 
and experimental procedure. This appears to be excellent and the careful con- 
trol and consideration of all minute details of test are clearly evident. How- 
ever, in attempting to consider this paper from the viewpoint of a practical 
heat treater and user of high speed steel, I feel that with all due respect for 
the authors’ good efforts towards simplification and brevity, they have sacrificed 
something of practical value in their report as published. For example, it is 
my opinion that the paper would benefit through the inclusion of all the curves 
showing relationship between hardness and time, and volume and time, at all 
the temperatures investigated. Also that somewhat more attention might have 
been given to temperatures between 1050 and 1150 degrees Fahr. (565 and 620 
degrees Cent.). Without this data for temperatures higher than 1050 degrees 
Fahr. (565 degrees Cent.) it is difficult to see how the straight line curves 
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plotted in Fig. 5 are justified. Studying Fig. 5 as presented would indicate 
that tempering the molybdenum steel to 1100 degrees Fahr. (595 degrees Cent.) 
would result in complete transformation and maximum hardness immediately 
or perhaps even before the specimen reached temperature. This may very 
well be the case, but I think that showing the hardness and volume versus time 
curves for 1075 to 1100 degrees Fahr. (580 to 595 degrees Cent.) or higher 
temperatures would make the picture somewhat clearer. 

Under the heading, Practical Significance of Results, the authors have 
stated that from a practical point of view it is preferable to select a tempering 
temperature which will give maximum hardness and complete transformation 
in a reasonable length of time, 2 to 2% hours being specified. This is fine as 
far as it goes providing that maximum hardness is what is desired, but actually 
the hardener is usually required to temper a tool to some specified hardness 
which may be anywhere between, let us say, Rockwell C 58 and Rockwell C 66. 
Here again if the authors had published all of their data pertaining to Hardness 
versus Time at various temperatures it might be possible to construct a table 
listing desired hardness (between Rockwell C58 and C66) and showing the 
most suitable combination of time and temperature necessary to produce com- 
plete transformation at each of the hardness values within this range. Follow- 
ing this same reasoning we take exception to the authors’ conclusion No. 7 
stating that the optimum tempering temperature for the molybdenum-tungsten 
steel is 1075 degrees Fahr. (580 degrees Cent.) and for the molybdenum steel, 
1020 degrees Fahr. (550 degrees Cent.). This is only true providing that 
maximum hardness is required, and it seems as though such an extensive re- 
search as this should and could very easily result in the development of such a 
table as described above showing optimum combinations of time and temperature 
for various hardnesses. 

Finally, with regard to multiple tempering, I am thoroughly in agreement 
with the authors’ recommendation that the first cycle should be long enough to 
cause practically complete transformation of the austenite and the second treat- 
ment considered simply as a stress relieving treatment. In this connection 
I would like to ask the authors if they would consider it possible that the second 
tempering might not need to be any higher than the M-point of the first 
tempering treatment. Since all the expansion of the transformation took place 
below this point perhaps reheating to the M-point, or slightly higher, would be 
sufficient to relieve the stresses and might eliminate the drop in hardness of 
even a half a Rockwell point mentioned in the text. 

Written Discussion: By Carl L. Shapiro, Vanadium Corporation of 
America, Bridgeville, Pa. 

The characteristics of high-carbon, high-vanadium high speed steels as 
revealed by these two authors are very illuminating and pertinent. However, 
they summarily discuss an important controversial point dealing with the com- 
position and structure of vanadium carbides on page 1030 of their paper without 
much ado. They claim that the hydrochloric acid residue of a straight iron- 
carbon-vanadium alloy containing 1.5 per cent carbon and 4.5 per cent vanadium 
showed a face-centered cubic lattice of the formula VC. These results are 
entirely contrary to the iron-carbon-vanadium ternary equilibrium diagram 
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which shows that the compound should be V.C; and not VC. The investigations 
of Nicalardot, Arnold and Read, Maurer, Hougardy, Burton and Russell, Vogel 
and Martin, Morette and others clearly prove beyond any doubt that vanadium 
carbide, in iron-carbon-vanadium alloys, has the composition of VsC; and not 
VC until about 18 per cent carbon where this latter compound (VC) begins 
to form. Moreover, the work of Maurer, Doring and Pulewka, which Lement 
and Cohen refer to, shows that two vanadium carbides exist. First V.Cs and 
second VC. Maurer, Doring and Pulewka even proposed the theory that start- 
ing from the vanadium carbide (V.C;) which is face-centered cubic, the carbon 
atoms enter the octahedric gaps and gradually fill in all the lattice places until 
the compound VC is formed. 

Since the iron-carbon-vanadium ternary constitutional diagram has been 
the center of controversy for many years in regards to the formation of 
vanadium carbides, Professor Cohen could render the metallurgical industry a 
great service if he would clarify the manner in which the various carbides 
form in this system from the disputed V;C (hexagonal close-packed lattice) 
to V.C; to VC. 


Written Discussion: By J. G. Morrison, metallurgist, Landis Machine 
Co., Waynesboro, Pa. 

This and the other papers on the tempering of high speed steel by Dr. 
Cohen and his associates have been most enlightening to those of us engaged 
in the manufacture of high speed steel tools. It is a pleasure to congratulate 
the authors for their continued and extensive investigations into a field ap- 
parently restricted but which actually is a broad one. Its importance well 
merits the attention given it. j 

In their conclusion No. 7 the authors state that 2 to 2% hours! at 1075 
degrees Fahr. (580 degrees Cent.) produce substantially complete transforma- 
tion of retained austenite for the molybdenum-tungsten steel and that the same 
time at 1020 degrees Fahr. (550 degrees Cent.) causes a like effect on the 
molybdenum steel. This conclusion is no doubt justified provided their *speci- 
mens contained no abnormal carbide segregation or that no considerable altera- 
tion to the surface carbon occurred in heat treatment. From the size of the 
specimens, and the treatments used, we might assume both factors to be 
negligible. However, it is not always the case that high speed steel bars are 
free from a considerable carbide segregation; also in the heat treatment of 
high speed steel by certain methods there may occur a considerable carburiza- 
tion. Since, from practical considerations, the cutting edges of a tool are of 
infinitely greater importance than the interior, the condition which .maintains 
near the surface may require especial consideration insofar as tempering is 
concerned. What may be an optimum tempering cycle for the original or near 
original analysis may not be adequate for an altered surface analysis or for 
other areas of high-carbon, high-alloy concentration about the segregate. In 
view of this we might create synthetically a high-carbon, high-alloy austenite 
to simulate these more or less abnormal conditions. 

To accomplish this a number of specimens, approximately % inch by % 
inch by 1 inch, were carburized at 1700 degrees Fahr. (925 degrees Cent.) for 
8 hours. An electrically heated retort furnace employing dl limonene as the 
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carburizing medium was used. A number of specimens of 0.70 per cent carbon 
18-4-1 high speed steel and of a 0.80 per cent carbon, 8.50 per cent molybdenum, 
1.50 per cent tungsten steel after carburizing were hardened from various ele- 
vated temperatures. After quenching in oil the specimens were given a number 
of successive draws at 1050 degrees Fahr. (565 degrees Cent.) for 1% hours 
duration each. 

The high alloy concentration of the austenite resulting in the case when 
these carburized high speed steels are quenched from elevated temperatures 
derives from the increased solubility of the tungsten and molybdenum carbides 
in the high carbon zone. 

Microscopic and Rockwell “C” hardness inspection of the carburized 
18-4-1 high speed steel specimens hardened from 2150 degrees Fahr. (1175 
degrees Cent.) and from 2350 degrees Fahr. (1290 degrees Cent.) indicated 
that it is possible to prepare an austenite which requires four draws at 1050 
degrees Fahr. of 1% hours duration each to substantially decompose all the 
austenite. In the case of the molybdenum-tungsten steel carburized and hard- 
ened from 2000 degrees Fahr. (1095 degrees Cent.) and from 2150 degrees 
Fahr. (1175 degrees Cent.) six such tempering cycles did not entirely decom- 
pose all the retained austenite. 

While the foregoing treats of synthetic austenites of high-carbon, high-alloy 
concentration, such abnormalities are encountered and their presence near a 
cutting edge may be one determining factor as regards the multiplicity of 
draws accorded a tool. 

Written Discussion: By W. R. Frazer, metallurgist, Union Twist Drill 
Co., Athol, Mass. 

This paper confirms the observations of the senior author in his study of 
the tempering cycle of 18-4-1 high speed steel presented before this Society in 
1939. The molybdenum high speed steels studied in this investigation follow 
the same general laws, the principal difference being the magnitude of the 
transformation that takes place. Of particular interest is the straight line 
relationship between the tempering temperature and the logarithms of the 
tempering time necessary to obtain complete transformation of the retained 
austenite as shown in Fig. 5. 

The possibility of interrupting the cooling from the tempering temperature 
to produce; an isothermal transformation of the retained austenite is very 
intriguing and we are interested to note that the authors are planning to 
investigate this tempering cycle. 


Authors’ Reply 


We deeply appreciate the comments of the various discussers and are 
pleased to acknowledge all the general agreements that are indicated. The 
additional information supplied by Mr. Rose represents a valuable contribution 
to.this paper. It is interesting to note that some of the predictions made on 
the basis of this investigation are confirmed by his experience with these high- 
vanadium high speed steels. 
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In answer to Mr. Bancroft’s remarks, we attempted to draw whatever 
practical information was available from our work. However, it was not the 
objective of this particular research to report on the more common grades of 
molybdenum high speed steels. Work has been done on the tempering of seven 
other grades of high speed steel including the common molybdenum types and 
the results will be published in the near future. The two high-carbon, high- 
vanadium steels were chosen because they differ radically in composition from 
18-4-1 steel. It was our purpose to determine whether or not the conclusions 
drawn from the previous investigation of the tempering of 18-4-1 steel were 
of general application to high speed steels. 

In writing this paper, we were of course limited in space and therefore 
took pains to include only those curves which were necessary to illustrate the 
fundamental points. The curves shown may be considered typical of the results 
at other temperatures if the rapid increase in tempering rate with tempering 
temperature is taken into account. Mr. Bancroft also implied that there might 
be some question about the straight line relationships shown by Fig. 5. These 
straight line curves were drawn after considerable checking, and similar 
linearity was also found to hold for seven other grades of high speed steel 
including 18-4-1. In considering Mr. Bancroft’s question as to what would 
occur on tempering the molybdenum steel at 1100 degrees Fahr. (595 degrees 
Cent.), a slight error was discovered in Fig. 5. The beginning of the time 
scale should not be zero but actually 0.05 hour in accordance with the log- 
arithmic scale used. This correction has since been made in Fig. 5. Regardless 
of this difference, however, neither maximum hardness nor complete trans- 
formation occurs before or after the specimen reaches 1100 degrees Fahr. 
(595 degrees Cent.). What probably does occur is that some conditioning of 
the retained austenite takes place during the heating to and the holding at this 
temperature; but the actual transformation sets in during the cooling from 
1100 degrees Fahr. (595 degrees Cent.). 

We regarded the optimum tempering temperature for each steel in the 
same sense that we found 1050 degrees Fahr. (565 degrees Cent.) to be the 
optimum tempering temperature for 18-4-1. It is realized that 18-4-1 steel is 
used at lower, as well as maximum, hardness values, but since the high- 
carbon, high-vanadium steels are designed for use at approximately maximum 
hardness in order to take full advantage of their superior abrasion resistance, 
the recommended treatments are optimum from a practical point of view as 
well. Inclusion of the various tempering combinations to obtain different hard- 
nesses would probably not add to an understanding of the transformations that 
occur in these steels. 

With reference to multiple tempering, not enough work has been done to 
set a minimum temperature at which to carry out the second tempering treat- 
ment and produce adequate stress relief. Until this point has been investigated 
more completely, the safest procedure is to use the temperature of the first 
tempering treatment even though a slight loss in hardness is incurred. 

Mr. Shapiro questions whether the vanadium carbide found in the straight 
iron-carbon-vanadium alloy has the formula VC. We selected this formula on 
the basis of our X-ray data which showed that the lattice parameter of the 
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vanadium carbide phase in our alloy corresponds more closely to the value 
reported by Maurer et al. for VC than for V.Cs. Since there still exists some 
doubt regarding the iron-carbon-vanadium constitutional diagram, we decided 
to select the simpler formula. However, we frankly admit that our study was 
not complete enough to definitely choose between VC and V.C;. The point 
we wish to emphasize is that we did find a vanadium carbide phase in the two 
high-carbon, high-vanadium high speed steels, and this phase does not appear 
in 18-4-1 steel. It is relatively unimportant from the standpoint of this paper 
whether the true formula is VC or V.Cs, and hence a thorough investigation 
of this phase was not considered justified. 

Mr. Morrison has called attention to the practical significance of abnormal 
carbide segregation and build-up of surface carbon content. Since our purpose 
was to obtain fundamental tempering data, the possible errors due to carbon 
variations were considered. Segregations of carbides were found in both high- 
carbon, high-vanadium steels but the degree of segregation was not considered 
unusual in either case. To insure elimination of any carbon variation at the 
surface, special pains were taken to grind to a sufficient depth before any 
measurements were made. 

Mr. Frazer has indicated his interest in the possibilities of interrupting 
the cooling from the tempering temperature to produce isothermal transforma- 
tion. The isothermal treatment has already been investigated in 18-4-1 steel 
and considerable improvements in ductility and toughness have been observed. 





THE INTERLAMELLAR SPACING OF PEARLITE 


By G. E. PEettiissrer, M. F. Hawxes, W. A. JOHNSON, AND 
R. F. Meni 


Abstract 


Methods used for the determination of the inter- 
lamellar spacing in pearlite are reviewed and appraised. 
A new mathematical-analytical method is given which 
furnishes improved data. It is demonstrated that the 
interlamellar spacing in pearlite formed isothermally is to 
be represented by a distribution curve with values statisti- 
cally distributed about a mean value; this value serves to 
specify the spacing. Data are presented which show that 
the interlamellar spacing in pearlite formed isothermally 
does not vary with austenite grain size, nor with austen- 
itizing temperature. Data are presented on the effect of 
composition upon spacing with respect to carbon, man- 
ganese, nickel, and cobalt. These data plot as a straight 
line when the logarithm of the spacing is plotted against 
the reciprocal absolute temperature of formation. 


INTRODUCTION 


TTENTION was called to the importance of the intetlamellar 
spacing in pearlite by Belaiew in 1922 (1)*; Belaiew’s work 
followed the earlier studies of Oknof (2), (3) and Forsman (4) on 
the stereometry of pearlite. In 1929 Greene attempted to correlate 
the mechanical properties of pearlite with its interlamellar spacing 
(5), and in recent years the usefulness of pearlite spacing measure- 
ments in studying the mechanical properties of annealed steels, and 
also in studying the rate of formation of pearlite, has become more 
generally recognized. Systematic investigations of the correlation 
1The figures appearing in parentheses refer to the bibliography appended to this paper. 


A paper presented before the Twenty-third Annual Convention of the 
Society held in Philadelphia, October 20 to 24, 1941. Of the authors, G. E. 
Pellissier was formerly International Nickel Co. Fellow, Department of Metal- 
lurgy, Carnegie Institute of Technology, Pittsburgh, and now associated 
with Research Laboratory of the International Nickel Co., Bayonne, N. J., 
M. F. Hawkes is instructor in the department of metallurgy, Carnegie Institute 
of Technology, Pittsburgh, W. A. Johnson was formerly instructor in the 
Department of Metallurgy, Carnegie Institute of Technology, and at present a 
member of the Research Laboratories of the Westinghouse Electric & Manu- 
facturing Co., East Pittsburgh, and R. F. Mehl is director, Metals Research 
Laboratory, and head, Department of Metallurgy, Carnegie Institute of Tech- 
nology, Pittsburgh. en 
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of the mechanical properties with spacing of pearlite have been con- 
ducted by Gensamer and his collaborators (6), (7). Belaiew has 
proposed the use of spacing data to describe the fineness of pearlite, 
in place of the qualitative terms “coarse”, “medium”, and “fine” 
frequently used, in order to avoid confusion or ambiguity in nomen- 
clature, and has suggested that such data might be used to decide 
whether there is any real justification for the belief that the range of 
pearlite structures is discontinuous (8). Mehl, in a study of the mech- 
anism and rate of the decomposition of austenite, has shown that 
pearlite spacing data must be considered in any effort to analyze the 
rate of growth of pearlite nodules and, therefore, also the rate of 
formation of pearlite (9). Moreover, spacing measurements have 
been used to predict a change in the mechanism of austenite decompo- 
sition (i.e. from the pearlite to the bainite reaction) as the tempera- 
ture of transformation is decreased below about 550 degrees Cent. 
(1020 degrees Fahr.) (9). 

The need of a treatment of the interlamellar spacing of pearlite 
more comprehensive than that provided by Belaiew became evident 
in studies on the physics of hardenability of steel (9), and also in the 
studies by Gensamer and his co-workers on the correlation of the 
mechanical properties and spacing of pearlite. The basic assumption 
in Belaiew’s work that the interlamellar spacing of pearlite is constant 
when the pearlite is formed under controlled conditions was the re- 
sult of casual observation and heretofore has not been subjected to 
experimental test. In fact, reasonable doubt has existed that the spac- 
ing is strictly constant even in pearlite formed isothermally, for a 
statistical variation seemed more likely. There is need also for a more 
accurate method of determining pearlite spacing. Furthermore, in- 
formation should be available on the possible effects of such variables 
as prior austenite grain size, carbon content of the austenite, and the 
presence of various alloying elements upon the interlamellar spacing 
of pearlite. Finally, information superior to the approximate data 
previously presented (9) on the relationship between the pearlite 
spacing and temperature of formation is needed. This paper attempts 
to provide much of this information. 


CoNSTANCY OF INTERLAMELLAR SPACING 


Previous Investigation 


Belaiew drew attention to the rather obvious fact that the wide 
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Fig. 1—Effect of Orientation on the Apparent Spacing of Pearlite. 
A—Pearlite Oriented Normal to the Plane of Polish. X 2500. B—Pearlite Oriented 
at a Very Oblique Angle to the Plane of Polish. X 2500. 


variation in interlamellar spacing observed on a plane of polish is 
not real but apparent (1). The true spacing (A,) of pearlite formed 
under controlled conditions was believed to be constant, and the varia- 
tion in spacing on a plane of polish was attributed to the intersection 
with this plane of randomly oriented groups of parallel ferrite and 
cementite lamellae (pearlite colonies) at a range of angle from 0 to 
90 degrees. (Fig. 1). From geometry the apparent spacing (Ao) 
on the sectioning plane was related to the true spacing by means 
of the angle (w) between the normal to the lamellae and the plane. 


2 ‘ : A®@ : : 
This secant relationship, @ = sec™* a provided a simple means of 


determining A, in pearlite completely resolved by the microscope. 
The smallest apparent spacing encountered on scanning a sufficiently 
large area of the specimen presumably was equal to the true spacing. 
This method of determining A, apparently involves two assumptions: 
(a) that the true spacing is strictly constant, and (b) that the orien- 
tation of pearlite colonies with respect to the plane of polish is ran- 
dom. Obviously, values of A, for fine pearlites, incompletely resolva- 
ble under the microscope, could not be obtained by this method. A 
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more indirect method of measurement was devised for this case. 
Belaiew had noted that at a few locations on the plane of polish 
where the apparent spacing was very large, the edges of the cement- 
ite plates exhibited a characteristic frayed or broken appearance. 
Using a completely resolvable pearlite specimen, A, was determined 
by the method just described, and it was shown that this peculiar 
aspect of the cementite lamellae corresponded to values of w greater 
than about 83 degrees. Evidently this “critical” value of w was of 
real significance, for the secant relationship predicted a greatly ac- 
celerated increase in the apparent spacing (Aw) as the value of 
approached and exceeded 83 degrees. This phenomenon was as- 
sumed to apply generally to pearlite of any A, and it was used to 
determine A, values of incompletely resolved pearlite. The apparent 
spacing of cementite plates which exhibited this frayed appearance 
was measured, the angle @ was assumed to be 83 degrees, and the A, 
was calculated from the secant relationship. 

The basic assumption in this treatment, that the interlamellar 
spacing is characteristic of the heat treatment (Belaiew used no 
isothermal treatments) and is a constant (A,) throughout the entire 
specimen when cooling conditions are uniform, has been questioned. 
Rosenhain (10) and Benedicks (11) both doubted the validity of 
this claim and suggested methods for its experimental verification, 
which will be considered later. The supposition of the constancy of 
A, was, however, not without some foundation, qualitative though it 
was. Belaiew observed that the proportion of specimen area occupied 
by lamellae oriented at very oblique angles to the plane of polish is 
relatively much less than that occupied by lamellae oriented nearly 
normal to the surface, as the geometry of the case predicts. 

Certainly, this conception of the constancy of spacing requires 
some modification in the light of modern research by Bain, Daven- 
port, and co-workers (12). At least qualitatively, A, appears more 
precisely to be a function of the temperature of isothermal decom- 
position of austenite to pearlite, rather than a function of the cooling 
rate (13). It is true that slow cooling results in complete transforma- 
tion to pearlite (at a high temperature) within a narrow temperature 
interval, but at faster rates of cooling this is not true within wide 
limits. In fact, it is believed that the recalescence in a large speci- 
men, isothermally transformed to pearlite at temperatures near the 
knee of the S-curve, may result in an appreciable range of spac- 
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ing (7). Furthermore, as stated earlier, it was suspected at the outset 
of the present work that pearlite formed isothermally under the 
most carefully controlled temperature conditions does not possess a 
strictly constant interlamellar spacing, but rather a statistical dis- 
tribution of true spacings about a mean. 


Experimental Methods 


The problem of investigating the constancy of the interlamellar 
spacing (S,)* and that of determining S, are related but not neces- 
sarily identical. The constancy of S, may be tested either by deter- 
mining S, at several random locations in a specimen or by other less 
direct means. Speculation reveals at least three possible procedures, 
as hinted by Rosenhain (10) and Benedicks (11)*: 

1. A specimen of pearlite is polished repeatedly on one surface 
and a selected pearlite colony is photographed at the successively 
lower levels to determine whether the apparent spacing (S) remains 
constant. If these successive sections are maintained exactly parallel, 
it can be assumed that any variation in S reflects a variation in So. 
The true spacing cannot be determined by this method nor can the 
extent of any variation in S, be ascertained owing to extreme manipu- 
lative difficulties in determining the lateral displacement of a given 
lamella on successive polishing. The method can be refined so as to 
permit the construction at considerable magnification of a spatial 
model of a pearlite colony (4), though the difficulties in registry 


affect its accuracy. 


2. A second method involves polishing a specimen of coarse 


pearlite on two surfaces intersecting in an edge at a known angle; 
selecting a pearlite colony which exhibits traces of the same lamellae 
on both surfaces; and measuring (a) the plane angles between the 
lamellae traces and the edge, (b) the apparent spacing of the lamellae 
on each surface. S, may be computed from this data by the meth- 
ods of descriptive geometry or more simply by the use of the stereo- 
graphic projection (15). The constancy of S, can be tested by apply- 
ing this method at several locations along the edge. Calculations show 
that an uncertainty of as much as 10 degrees, in determining the 
dihedral angle between surfaces, results in a minor error in the 


3 *For reasons of convenience, the nomenclature used by Belaiew has not been adopted 
in this paper. Se now refers to true spacing (Ac) and S to apparent spacing (Aw). 


®The two methods of measuring So devised by Belaiew are excluded because they 
rely on the assumption of a constant So. 
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calculated S, (< 10 per cent). This method may be shortened con- 
siderably, for it may be shown that if the traces of the lamellae on 
one surface make an angle of from 60 degrees to 120 degrees with 
the edge, then the apparent spacing of the lamellae on an adjoining 
perpendicular surface may be taken as the true spacing with less 
than 14 per cent error. The major difficulty, and at the moment 
apparently an insuperable one, lies in the feat of polishing two sur- 
faces so as to maintain an edge between them sufficiently sharp to 
provide the requisite accuracy for a single pearlite colony. This dif- 
ficulty might be minimized by electropolishing. 

3. A method which involves much less experimental difficulty 
consists in measuring the relative amounts of surface area occupied 
by various small ranges of apparent spacing and comparing these 
data with values calculated on the assumption of a constant S, by 
probability mathematics. Such a statistical method is tedious, but it 
has been used with success in the present work. 


Mathematical Treatment 


The derivation of a theoretical distribution curve for apparent 
spacings of pearlite lamellae, on a random sectioning plane, is based 
on the following assumptions: 

1. Each pearlite colony consists of alternate parallel lamellae 
of cementite and ferrite; the interlamellar spacing (S,) is constant 
within each colony and is the same for all colonies. 

2. The pearlite colonies are randomly distributed in space with 
respect to orientation, shape, and size. 

It has been supposed in the past that, in view of these assump- 
tions, the probability that a given colony of lamellae lies at an angle 
between © and O + dO to a random reference plane (plane of 
polish) is independent of the angle ©; but this is incorrect. Actually, 
there is a greater probability that the lamellae lie at a large angle than 
at a small angle to the reference plane. This will be made clear by 
reference to Fig. 2a; Nr is the normal to the randomly chosen ref- 
erence plane and Ny, is the normal to the lamellae of the given pearlite 
colony. Because of the random orientation of the colonies, their 
normals will occur with the same density over the whole surface of a 
reference hemisphere. Thus, the probability that the lamellae of a 
given colony lie at an angle between © and © + dO is proportion- 
al to the area of the zone generated by dO (indicated by the cross- 
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Fig. 2—Diagram of the Geometry Involved in the Mathematical Treatment of 
Interlamellar Spacing. 


hatching in Fig. 2a. As the angle © increases, the angle dO remain- 
ing constant, the area of this zone will increase; consequently, there 
is a greater probability of finding large values of O than of small. 

For a single colony, the probability that the normal to the 
lamellae lies at an angle between © and © + dO to the normal to 
the reference plane is, from Fig. 2b, 


area of the zone 


Lamellae, lying at an angle between O and O + dO to the ref- 
erence surface, will have an apparent spacing between S and S + 
dS on that surface, where 


So S, cos 8 
Set neds  — org ae 
Then 
pecs 
P, d96 = — sin 9 _ sin’ 9 = 
0 S,2 


sve=s 


Now, the probability that the spacing of a given colony on the 
reference plane lies between S and S + dS is — PsdS where, 
P, dO = — PgdS 


Thus, 
S3 
Pg (1) 
S? V S* pa <i ie . 
It is clear that the probability that a single colony yields apparent 
spacings between S and S + dS is the same as the fraction of the 
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surface occupied by spacings between S and S + dS, and is the same 
as the fraction of the total number of colonies having apparent spac- 
ings between S and S + dS. 

In analyzing the data, it is convenient to have an expression for 
the fraction, fg, of the area of the reference plane occupied by 
spacings up to a certain value of S. This is obtained as follows: 


S 9 8 
fs = *[ Pas = — J a0 = [ sino 40 
S T T 





. 2 2 
9 
fs — + cos © | = cos 9 
T 
x 
But since 
06 = sin“ Se 
S 
fs = cos (sin 2") = cos (csc 2) (IT) 


The latter equation (11) has been used to obtain the theoretical curve 
(So = 1) of Fig. 7, where the “cumulative area”, fs, has been plot- 
ted as a function of S/S,. 

In this derivation it has been assumed that the lamellae are 
plane. From observation, it appears that pearlite lamellae actually 
exhibit some curvature. It is believed, however, that this slight cur- 
vature does not materially affect the applicability of the derivation. 


Experimental Procedure 


A eutectoid wire-rope steel was used in the study of the con- 
stancy of S,; its chemical analysis is listed in Table I (eutectoid 
steel A). A lozenge-shaped specimen of this steel, 0.188 inch in 
diameter by 0.06 inch thick, was austenitized at 815 degrees Cent. 
(1500 degrees Fahr.) for 30 minutes and then quenched into a lead 
bath which was maintained at a constant temperature of 695 degrees 
Cent. (1285 degrees Fahr.). At this temperature, the isothermal 
transformation to pearlite was complete in about two hours. The 
lead was well agitated to insure uniformity of the bath tempera- 
ture. In view of the slow rate of transformation at this tempera- 
ture, the relatively small specimen size, and the agitation of the lead, 
very little recalescence occurred. 

This specimen was polished and etched in the usual way, and 
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Table I 
Composition of Steels 


Mn S 


0.63 . 0.030 
0.74 . 0.029 
0.46 , eves 
0.26 . 0.011 
1.56 ‘ 0.031 
3.5 sees aeeee 
0.49 

0.46 


Steel 


Eutectoid—A 
Eutectoid—B 
Hypoeutectoid 
Hypereutectoid 

1.5 Per Cent Manganese* 
3.5 Per Cent Manganese 
1 Per Cent Nickel 

3 Per Cent Nickel* 

1 Per Cent Cobalt 

2 Per Cent Cobalt 


QO 


ooscssrsss 
WON OUMNH MOON) 
NUWAANONO CO 


*Slightly hypoeutectoid. 





144 random locations on its surface were photographed at 2500 diam- 
eters. Randomness of sampling was insured by photographing loca- 
tions spaced at equal intervals along two perpendicular diameters of 
the specimen surface. The pearlite was completely resolved at this 
magnification and, except for a small amount of spheroidite*, con- 
sisted of well-formed lamellae. The area of each photographic print 
was 150 square centimeters, which corresponded to an area of 0.0024 
square millimeter on the specimen surface, or a total of 0.35 square 
millimeter. 

Upon examining these photographs, it became evident that to 
assign an exact average apparent spacing (S) to each pearlité colony 
would be an unnecessarily tedious task. Instead, a more approximate 
method was used, which consisted in assigning the estimated average 
spacing of each colony to one of a series of arbitrary selected small 
intervals of S. Furthermore, the use of these intervals considerably 
facilitated the subdivision of the total photographed area into regions 
of approximately constant value of S. It was clear, from the ex- 
pected type of distribution curve of S, that these intervals should be 
rather small for small values of S, if the results were to be signifi- 
cant. The midpoints of the intervals selected appear in Table II. For 
small values of S, these intervals are as small as could be differenti- 
ated with any certainty. 

The allocation of area, based on values of S, was accomplished 
by moving a transparent template over the photographs. This tem- 
plate consisted of several sets of equally spaced parallel lines ruled 
on celluloid; the spacing of each set of lines corresponded to the 
midpoint value of one of the selected intervals. The subdivision of 
each photograph into areas of approximately constant spacing and 


“Less than one per cent of the area photographed. 
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Table Il 
Experimental Data on the Per Cent of Area Occupied by the Various Intervals of S 


Midpoints of Values of S 
S Intervals Plotted Cumulative Per Cent 
mm.—X 2500 mm.—X 2500 of Area Occupied 
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the assignment of spacings to these areas was effected by compari- 
son with the sets of lines on the template. These areas were out- 
lined in ink on the photographs for area measurement with a polar 
planimeter. 

The work of allocating area was difficult.and involved a fair 
amount of judgment. For this reason, it was suspected that some 
“personal factor” might be involved in this procedure. To check the 
suspicion, two identical sets of 13 prints were independently out- 
lined by two of the authors. A comparison of the results indicated 
that any personal factor was negligible (Fig. 3). 

The measurement of so many areas by means of the polar plani- 
meter proved to be extremely time-consuming and was soon replaced 
by another more rapid method of measurement. This method con- 
sisted in lightly tracing with pencil the inked outlines of the photo- 
graphs on bond paper of predetermined weight uniformity. These 
traced areas were then cut out and those of the same spacing were 
combined into groups which were weighed. Since the weight of 
the paper was directly proportional to its area, these weights were 
taken as the relative amounts of area occupied by the various spac- 
ings. The accuracy of the method was verified by measuring identi- 
cal sets of 13 prints by the two methods and comparing the results. 
(Fig. 4). 

In any statistical method, such as this, it is necessary to insure 
that enough samples (amount of area photographed) have been con- 
sidered to satisfy the condition of randomness (orientation of lamel- 
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Fig. 3—Comparison of Experimental Results of Dif- 
ferent Observers from Identical Prints. 
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Fig. 4—Comparison of Experimental Results Obtained 


by Planimetric and Weighing Methods of Measuring Out- 
lined Areas. 


lae) assumed. At the outset, it was impossible to decide what this 
amount of area should be, but it was guessed that the available 144 
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Fig. 5—Effect of the Amount of Specimen Area 
hace on the Experimental Results. 
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Fig. 6—Comparison of Experimental Results Obtained 
by anenston and by Merely Counting the Outlined Areas. 


photographs would be sufficient. By assembling the results obtained 
from separate groups of photographic prints, it has been possible 
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to ascertain that this number was considerably greater than neces- 
sary. From Fig. 5 it is apparent that the results from the first set 
of 13 prints was appreciably altered by the addition of the results 
from another set of 34 prints, but further additions caused little 
change. Evidently, the analysis of about 50 random photographs (or 
an equivalent area of the specimen employed) is sufficient to estab- 
lish the condition of a random orientation of lamellae in this type 
of investigation.® 

The previous derivation of a theoretical distribution of appar- 
ent spacings indicated that the same results should be obtained by 
measuring the amount of area occupied by various apparent spacings 
and by merely counting the number of areas occupied by these spac- 
ings. It was considered of interest to investigate this prediction, for 
the counting of areas would materially shorten this procedure. A 
comparison of the two sets of data tor the entire 144 prints (Fig. 
6) demonstrated that the two methods are practically equivalent. 


Experimental Results 


The experimental results of this investigation of the constancy 
of S, are presented in Table II and are plotted in Fig. 7. In this fig- 
ure, the fraction of the total area occupied by apparent spacings up 
to a certain value of S (cumulative area per cent) is plotted against 
the corresponding value of the ratio S/S,.*° The value of S, was 
tentatively assumed to be constant and equal to the smallest observed 
spacing (1 millimeter at 2500). The values of S plotted corre- 
spond to the upper limits of the spacing intervals chosen. Although 
this type of plot is not quite as sensitive a means of comparing ex- 
perimental and theoretical data as a frequency plot’ would be, it 
does eliminate some of the uncertainty which occurred in assigning 
apparent spacings, especially at the larger values of S/S,. Further- 
more, it is doubted that the experimental accuracy of the measure- 
ments justifies a more sensitive method of plotting. A theoretical 
curve, based on the assumption of a constant S, equal to 1 millimeter 
at X 2500, is plotted in this same figure for comparison purposes. 


Discussion of Results 


The theoretical curve (S, = 1.00) of Fig. 7 obviously does not 
coincide with the experimental curve, as it should if the assumptions 
 SThis number may be smaller for pearlite having a smaller colony size. 


*Or simply against S, if Se is assumed equal to one. 
"That is, a plot of the relative amount of area occupied by each spacing interval. 
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Fig. 8—Curves of Fig. 7 Replotted as Derived Curves. 


involved in its derivation are correct. Upon deliberation, it seemed 
likely that the basic assumption of an exactly constant S,, equal to 
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the smallest observed apparent spacing, must be in error. Some jus- 
tification for this view was obtained by plotting a second theoretical 
curve,® based on a value of S, (1.65), which was found to give the 
best fit between the experimental and theoretical curves. The fact 
that these two curves fit rather well, except at small values of S, 
indicated that S, is not necessarily equal to the smallest observed 
spacing, although it may be approximately constant. This inference 
is more striking when the curves of Fig. 7 are plotted as derived 
curves, as in Fig. 8.° In fact, the shape of the experimental distri- 
bution curve of Fig. 8 suggested that the interlamellar spacing of 
pearlite actually consists of a range of S, values statistically dis- 
tributed about some mean value, which in this case appeared to be 
close to 1.65 millimeter at & 2500. 

More quantitative information concerning such a distribution of 
S. values was obtained by using an approximate method for calcu- 
lating a spatial distribution from its plane distribution curve; this 
method was developed by Scheil in studies of grain size (16). The 
method is too involved to be described in detail here; it will suffice 
to know that the method is essentially one of successive subtractions 
applied to differences between the experimental curve (Fig. 7) and a 
“master theoretical curve.”® The results of this calculation are plot- 
ted in Fig. 9. 

It is inherent in this approximate method of calculation that the 
values of the distribution: function, Ps, are increasingly less accu- 
rate as the calculation proceeds to larger values of S,; this is respon- 
sible for the scatter of points for values of S, above 1.8. At larger 
values of S, (above 2.2), the accuracy was so poor that the calcula- 
tion was discontinued. To complete this distribution determination, 
a smooth curve drawn through the points was extrapolated, in a 
reasonable manner, far enough to make the area under the curve 
equal to one. The resulting distribution curve is nearly symmetrical, 
and it exhibits a rather small standard deviation. Therefore, it is 
believed that the mean value (1.65 in this case) is of more practical 
significance than any other feature of the curve. 

It should be mentioned that a distribution curve derived in this 
way is not the only one possible, though it is the most probable one. 


1% ®The abscissa for this curve is S, but not S/So. 


*The values of the distribution function, Ps, were obtained by measuring slopes 
along the curves of Fig. 7 at several values of S 

“That is, a theoretical curve from which distributions of S may be obtained for 
any value of Se. Actually the theoretical curve (So = 1.00) of Fig. 7 is such a curve. 
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In order to prove that the distribution curve drawn in Fig. 9 js 
valid, a theoretical distribution curve of apparent spacings, calcu- 
lated from Fig. 9, was compared with the experimental data (Fig. 
10).** The good fit of this theoretical curve with the experimental 
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Spacings Calculated from the Data of Fig. 7 by 
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points in Fig. 10 demonstrates the validity of the calculated distribu- 
tion curve for S,. 






“The method of calculation used is, in a sense, the reverse of the method used to 
obtain Fig. 9. 
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It appeared likely that the variation of apparent spacing within 
’ a single pearlite colony should exhibit a type of distribution similar 
to the distribution of S, determined from many colonies, since S 
and S, are geometrically related. To appraise this possibility, the 
distribution of apparent spacings within several pearlite colonies was 
determined by making several hundred spacing measurements in each 
colony. The results for four colonies are plotted in Fig. 11. Quali- 
tatively, such a similarity appears to exist for colonies 1 and 5. The 
double peak in the curve for colony 2 is attributed to the curvature 
of lamellae; the discontinuity in the curve for colony 4 is evidently 
a result of having included more than one colony in the area sur- 
veyed. The comparison might be pursued more quantitatively, but 
this was considered not worthwhile for the present purposes. 
As a result of these studies, two conclusions may be drawn: 
1. The interlamellar spacing of pearlite formed isothermally is 
not exactly constant, but rather consists of a statistical dis- 
tribution of spacings about a mean value. It is therefore 
more precise to speak of a mean interlamellar spacing. 
Furthermore, it is this mean spacing which should be sig- 
nificant in the applications of interlamellar spacing data. 
The mean interlamellar spacing differs from the smallest 
observed apparent spacing by more than 50 per cent. Con- 
sequently, it is of little significance to adopt the smallest 
apparent spacing as the true interlamellar spacing in a given 
case. 
These conclusions are based on the results of determinations made 
on a single specimen, but there is no apparent reason for believing 


that they do not apply generally to pearlite formed under other 
conditions. 


MeEtTHODs OF DETERMINING INTERLAMELLAR SPACING 


For the purposes of this discussion, it is convenient to classify 

the methods of determining interlamellar spacing into two groups: 

1. Methods applicable to coarse pearlites which are completely 
resolvable under the microscope. 

2. Methods applicable to fine pearlites which are only partially 
resolvable under the microscope. 

In Group 1, at least three methods are available. One method, 

which was devised by Belaiew (1), consists in adopting the small- 
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est observed spacing as the true interlamellar spacing. In the pre- 
ceding discussion, it has been pointed out that the spacing determined 
in this way is a minimum spacing, which is of less significance than 
a mean spacing. In a given case, it seems unlikely that the mean 
spacing can be estimated from this minimum spacing by using the 
distribution curve of Fig. 9, for the exact shape of this curve may 
be altered by the temperature of formation of pearlite and perhaps 
other variables. 

A repetition of the procedure used to obtain Fig. 9 constitutes 
a second method. Although this method yields accurate and com- 
plete information about the spacing, it is rather lengthy. 

An abbreviated form of the latter method, developed by Miss 
E. B. Pearsall in this laboratory, is more useful. A complete descrip- 
tion of the procedure may be found elsewhere (7).1* The method 
consists essentially of using a microscope objective which will resolve 
only a fraction’* of the pearlite, and then measuring the relative 
amount of pearlite (area) unresolved.** The value of S/S, corre- 
sponding to this amount of area is read from the master theoretical 
curve of Fig. 7 (S, = 1.00). The value of S is evidently equal to 
the theoretical resolving power of the objective,’® and S, is therefore 
determined from the ratio S/So. 

In effect, this manipulation consists in determining what constant 
value of S, must be assumed in order that the master theoretical 
curve will pass through the single experimental point; it is therefore 
equivalent to the curve fitting which was done in Fig. 7. The value 
of S, (1.65 millimeters at & 2500) which was found to give the best 
fit in Fig. 7 proved later to be the mean value of the distribution 
curve (Fig. 9). It seems reasonable to suppose that this phenomenon 
is general; as a result this third method is capable of: providing a 
mean value of the interlamellar spacing. 

A result obtained by the latter method can be duplicated within 
20 per cent. The accuracy of a determination can be improved by 
making use of more experimental points. This is accomplished by 


#2This method has been termed the “limit method”. 

%Usually around 50 per cent. 

4A shorter but less accurate procedure is to select a microscope objective which will 
resolve an estimated 50 per cent of the pearlite. An alternative method consists in using 


an objective which completely resolves the pearlite and estimating the amount of area 
occupied by apparent spacings above and below some arbitrary value of S. 


This is calculated from the N. A. of the objective and the average wave length 
of light (A) used, by means of the formula: 
» 


2N.A. 


resolving power = 
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using a series of objectives of different resolving powers to obtain 
a series of corresponding values for the per cent of pearlite unre- 
solved. The absolute accuracy of this method is not known; certainly 
it is dependent to a large degree on the validity of the assumption 
that the limit of resolution practically achieved is equivalent to the 
theoretical resolving power of the objective. An evaluation of this 
assumption is difficult because of the many variables which influence 
the limit of resolution. 

In Group 2, there are but two methods at hand. One system, de- 
veloped by Belaiew, has been described previously in connection with 
the constancy of the interlamellar spacing. It will be recalled that 
this system utilizes a characteristic appearance of the pearlite lamellae 
to calculate S, from the apparent spacing. Some experience with this 
method has indicated that it is not capable of providing consistent 
results. Evidently, the source of greatest inaccuracy is the uncertainty 
in assigning a definite value of the orientation angle to lamellae which 
exhibit this irregular appearance; an error of as little as 5 degrees 
in estimating this angle results in an inaccuracy of about 100 per cent 
in the calculated S,. Furthermore, it is beliéved that polishing tech- 
nique, as well as the true spacing (S,), may affect the empirical cor- 


relation of this ““characteristic’”’ appearance with the orientation angle. 

The only other method available for determining the inter- 
lamellar spacing of incompletely resolvable pearlite is the “limit 
method,” developed by Miss Pearsall, which has been described above. 
This method may be applied equally well to completely resolvable 
pearlite and to partially resolvable pearlite; it has been used almost 
exclusively to study effects of variables on the interlamellar spacing. 


EFFECT OF Prior AUSTENITIC GRAIN SIZE 


A suggestion that the interlamellar spacing of pearlite is in- 
fluenced by the prior austenitic grain size of the steel has appeared in 
the literature (14), though it is difficult to conceive of a theoretical 
reason for such an effect. In order to investigate the effect quantita- 
tively, three specimens (BB, BD, BE) of eutectoid steel A were aus- 
tenitized at different temperatures so that each possessed a different 
austenitic grain size just prior to isothermal transformation to pearl- 
ite at about 700 degrees Cent. (1290 degrees Fahr.). The different 
grain sizes produced in this way are listed in Table III; they embrace 
the usual range of commercial grain sizes. A distribution curve of 
apparent spacings was determined for each specimen by a method 
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already described; these curves are plotted in Fig. 12. It is ap- 
parent from Fig. 12 that the divergence of these curves is slight, and 
it is not systematic. The similarity of the data is rendered more con- 
vincing by using these distribution curves to obtain the corresponding 
values of S,,*° as was done in Fig. 7. These values of S, (Table IIT) 
differ by less than 20 per cent, which is within the estimated limit 
of experimental accuracy. Consequently, it can be cencluded that 
prior austenitic grain size has no detectable influence on the inter- 
lamellar spacing. 

The effect of austenitizing time upon the spacing was examined 
by austenitizing a specimen (BC) for 12 hours at 700 degrees Cent. 
(1290 degrees Fahr.), as compared to the considerably shorter time 
of austenitizing specimen BD; the grain sizes of these two speci- 
mens were identical. The mean spacing determined for specimen 
BD (Table III) proved to be the same within the limits of error as 


Table Ill 
Effect of Prior Austenite Grain Size on Pearlite Spacing of Eutectoid Steel ‘‘A”’ 


Isothermal 






Austenizing Reaction Interlamellar 
Treatment Temperature A.S.T.M. Spacing 
Specimen Degrees Cent. Degrees Cent. Grain Sizetf mm.—X 2500 
BB 20 minutes at 1050 700 2 1.54* 
BC 12hours at 860 700 6 1.38* 
BD 20 minutes at 850 700 6 1.45* 
BE 30 minutes at 815 694 8-9 1.65¢ 


*Determined by limit method from curves of Fig. 12. 
tDetermined on duplicate specimens gradient quenched from austenizing treatment. 
tMean value from curve of Fig. 9. 















that for BD. Austenitizing time thus appears to be not a variable in 
determining pearlite spacing. From the spacing data for specimens 
BB and BE, it is evident that austenitizing temperature has no sig- 
nificant effect. 

Earlier observations on this subject were in all probability drawn 
from specimens that had reacted either during cooling or with in- 
adequate isothermal control. It is obvious that a steel with coarse 
austenite grains would react on cooling at a temperature lower than 
one with fine grains, and that such a steel would exhibit a smaller 
pearlite spacing, producing an apparent but not a real variation of 
spacing with austenite grain size. 


EFrrect OF CARBON CONTENT 
Carbon content is obviously a possible variable in determining 


%So will be used hereafter to refer to mean interlamellar spacing. 
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the interlamellar spacing. As a preliminary test, interlamellar spac- 
ing data, for pearlite formed at 690 degrees Cent. (1275 degrees 
Fahr.) in specimens of hyper- and hypoeutectoid steels, were com- 
pared with the data already available for the specimen of eutectoid 
steel A reacted at 695 degrees Cent. (1285 degrees Fahr.). The 
compositions of these steels may be found in Table I. The experi- 
mental procedure was the same as was used to study the effect of 
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Fig. 12—Effect of Prior Austenitic Grain Size on the 
Spacing of Pearlite Formed at About 700 Degrees Cent. 


grain size. The distribution curves of apparent spacings for the three 
specimens are plotted in Fig. 13. The S, values obtained from these 
curves are, respectively, from left to right: 2630A, 4170A, and 
6600A.17 Evidently, the interlamellar spacing of pearlite .becomes 
finer as the carbon content of the steel deviates from the eutectoid 
composition ; it appears also that an increase in carbon content above 
the eutectoid composition is more effective than an equivalent de- 
crease. 

This investigation was extended, by using the limit method, to 
include pearlite formed at lower temperatures (637 and 662 degrees 


The experimental accuracy does not warrant the third significant figure in any of 
the Se data reported. 
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Cent.) in these steels. These data are recorded in Tables VI and 
VII and plotted in Fig. 14;** the curves are drawn as dashed lines 
because they are not accurately determined by only three points.’ 
In the same figure similar curves for two eutectoid steels (A and B) 
are plotted for comparison.” From the comparison of these curves, 
it is to be concluded that an increase in carbon content above the 
eutectoid composition results in a marked diminution in. interlamellar 
spacing,” whereas an equivalent decrease in the carbon content has 
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Fig. 13—Effect of Carbon Content on the Spacing of 
Pearlite Formed at About 690 Degrees Cent. 


little effect at least for the low transformation temperatures. 

It should be remarked that the specimens of hypoeutectoid steel 
contained considerable amounts of proeutectoid ferrite, and the speci- 
mens of hypereutectoid steel contained small amounts of proeutectoid 
cementite. In determining the interlamellar spacing of the pearlite in 


a 


%This method of plotting spacing data versus temperature will be discussed ‘under 
the effect of temperature. 


The experimental accuracy of such measurements is estimated to be about 20 per 
cent. 


*These data were furnished by Miss E. B. Pearsall (7) and were obtained by the 
limit method. 


“If it is assumed that cementite nucleates the pearlite reaction (9) it is conceivable 
that the presence of proeutectoid cementite may influence the spacing of pearlite forming 
simultaneously or immediately thereafter. 
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Fig. 14—Temperature Dependence of the Interlamellar Spacing 
of Pearlite (Se) for Steels of Various Carbon Contents. Plot of the 
Logarithm of the Spacing versus the Temperature. 


these specimens, the proeutectoid ferrite or cementite was obviously 
disregarded. 


TEMPERATURE DEPENDENCE 


It has been shown earlier that the interlamellar spacing of pearl- 
ite formed at a single temperature exhibits a distribution of true spac- 
ings about a mean value. However, this range of true spacings is not 
large and for practical purposes the interlamellar spacing may be 
characterized by this mean spacing (S,). It has been known for some 
time that the interlamellar spacing of pearlite diminishes rapidly as 


Table IV 
interlamellar Spacing of Pearlite in Eutectoid Steel A at Various Reaction Temperatures* 


-——————_Temperature of Formation—_—__, 

Interlamellar 
Spacing Log So 
Degrees Cent. Degrees Kelvin “z= So—(A) 

1,410 

1,700 

1,700 

1,580 

2,550 

4,170 

4,680 

; 6,020 

102.5 7,760 


*A, temperature (Tc) is about 720 degrees Cent. (1330 degrees Fahr.). 
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Table V 
Interlamellar Spacing of Pearlite in Eutectoid Steel B at Various Reaction Temperatures* 





————_Temperature of Formation———_—__——_, 





Interlamellar 
x 10 Spacing Log Se 
Degrees Cent. Degrees Kelvin °K So—(A) 

604 877 114.0 794 2.90 
604 877 114.0 1,020 3.01 
617 890 112.3 1,260 3.10 
626 899 111.2 1,740 3.24 
626 899 111.2 1,860 3.27 
626 899 111.2 2,400 3.28 
640 913 109.5 2,090 3.32 
657 930 107.5 3,020 3.48 
658 931 107.4 3,240 3.51 
678 951 105.1 4,570 3.66 
700 973 102.8 4,900 3.69 
700 973 102.8 4,170 3.62 
700 973 102.8 4,790 3.68 


*A, temperature (Tc) is about 720 degrees Cent. (1330 degrees Fahr.). 








the temperature of formation decreases ; this is especially clear in the 
work of Bain (12), (13). As a result of some approximate calcu- 
lations, Mehl has indicated that the relationship between spacing and 
temperature may be exponential; a straight line relationship was ob- 
tained by plotting the logarithm of the spacing against the reciprocal 
of the absolute temperature (9). 

Interlamellar spacing data**? have now been obtained, by the 
limit method described earlier, for several plain carbon and medium 
alloy steels reacted at several temperatures within the pearlite range. 
These steels and their compositions are listed in Table I. The plain 
carbon eutectoid steels (A and B) are wire rope steels from two dif- 
ferent sources; the 1.5 per cent manganese steel is a high manganese 
rail steel; the hypo- and hypereutectoid steels are likewise commer- 
cial steels; the other steels are laboratory induction furnace heats 
prepared by experienced melters. In cases where large specimens 
were used, appropriate temperature corrections for recalescence were 
made by a method devised by Low (7). 





Table VI 


Interlamellar Spacing of Pearlite in Hypoeutectoid Steel at Various 
Reaction Temperatures* 





-———Tempperature of Formation———_——__, 
Interlamellar 





x 10-5 Spacing Log S 
Degrees Cent. Degrees Kelvin °K Se—(A) : 
636 909 110.0 1,860 3.27 
662 935 106.9 3,160 , 3.50 
691 964 103.8 4,170 3.62 


*A; temperature (Tc) is about 720 degrees Cent. (1330 degrees Fahr.). 


TT 





“Mean spacings. 















TRANSACTIONS OF THE A. S. M. 





Table VII 


Interlamellar Spacing of Pearlite in Hypereutectoid Steel at Various 
Reaction Temperatures* 


-———————_Tempperature of Formation————__, 
Interlamellar 









x 105 soon Log So 
Degrees Cent. Degrees Kelvin °K Se—(A) 
637 910 109.9 1,380 3.14 
662 935 106.9 2,510 3.40 
691 964 3.42 




























*A, temperature (Tc) is about 720 degrees Cent. (1330 degrees Fahr.). 





The results of the spacing determinations appear in Tables IV 
to XIII. These data are plotted in Fig. 15, in the manner suggested 
by Mehl (9); and are not in conflict with the view that the inter- 
lamellar spacing varies exponentially with the reciprocal of the ab- 
solute temperature of reaction. But straight lines may be drawn 
through the data equally well in a plot of the logarithm of spacing 
versus temperature (Fig. 16). There is apparently little theoretical 
justification for a choice between these two methods of representing 
data, and it has even been suggested that if the temperature range 
studied were extended sufficiently, the spacing data would not lie 
along a straight line throughout the range in either type of plot (17). 

Gensamer has made use of data for the rate of diffusion of 
carbon in austenite to extend this investigation (7). He has found 
that lines, having the slope of the plot of the logarithm of the dif- 


1 
fusion coefficient D for carbon in austenite against —, fit the spacing 





data for the plain carbon eutectoid steels and for the 3.5 per cent 
manganese steel as well as any that can be drawn. This may indicate 








Table VIII 


Interlamellar Spacing of Pearlite in Eutectoid 1.5 Per Cent Manganese Steel 
at Various Reaction Temperatures* 


-—————Temperature of Formation——_—___ 





Interlamellar 
x 10-5 Spacing Log So 
Degrees Cent. Degrees Kelvin °K Se—(A) 
558 831 120.3 2,040 3.31 
582 855 117.0 2,040 3.31 
583 856 117.0 2,090 3.32 
592 865 115.6 2,820 3.45 
606 879 113.8 2,450 3.39 
609 re 882 113.4 2,820 3.45 
625 898 111.2 3,470 3.54 
647 920 _ 108.7 3,310 3.52 
649 922 108.5 3,890 3.59 


*Lower A; temperature (Tc) is about 690 degrees Cent. (1275 degrees Fahr.). 
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Table IX 


Interlamellar Spacing of Pearlite in Eutectoid 3.5 Per Cent Manganese Steel 
at Various Reaction Temperatures* 


Temperature of Formation———__, 
Interlamellar 
. Spacing Log So 
Degrees Cent. Degrees Kelvin K So—(A) 
523 796 ‘ 724 2.86 
551 824 . 1,260 3.10 
551 824 ° 1,000 3.00 
572 845 a 2,090 3.32 
576 849 : 2,040 3.31 
600 873 : 3,630 3.56 
603 876 3,160 3.50 
625 898 : 3,980 3.60 


*Lower A; temperature (Tc) is about 660 degrees Cent. (1220 degrees Fahr.). 











Table X 


Interlamellar Spacing of Pearlite in Eutectoid 1 Per Cent Nickel Steel 
at Various Reaction Temperatures* 


Temperature of Formation——_—_,, 
Interlamellar 
x 10-6 Spacing Log Se 
Degrees Cent. Degrees Kelvin °K on 
630 903 110.8 2,880 3.46 
660 933 107.1 4,070 3.61 
680 953 105.0 7,140 3.87 
690 963 103.8 8,510 3.93 


*Lower A; temperature (Tc) is about 712 degrees Cent. (1310 degrees Fahr.). 





Table XI 


Interlamellar Spacing of Pearlite in Eutectoid 3 Per Cent Nickel Steel 
at Various Reaction Temperatures* 


Temperature of Formation——————_, 
Interlamellar 
x 10° Spacing Log So 
Degrees Cent. Degrees Kelvin °K Se—(A) 
570 843 118.6 2,040 3.31 
600 873 114.5 2,820 3.45 
629 902 110.9 4,170 3.62 


*Lower A, temperature (Tc) is about 692 degrees Cent. (1275 degrees Fahr.). 


Table XII 


Interlamellar Spacing of Pearlite in Eutectoid 1 Per Cent Cobalt Steel 
at Various Reaction Temperatures* 


Temperature of Formation———__, 
1 Interlamellar 

x 10-5 Spacing Log Se 

Degrees Cent. Degrees Kelvin °K Se—(A) 
650 923 108.2 2,080 3.318 
672 945 105.8 1,900 3.279 
686 959 104.2 2,410 3.382 
700 973 102.8 4,030 3.605 


*Lower A; temperature (Tc) is about 717 degrees Cent. (1320 degrees Fahr.). 
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Table XIII 


Interlamellar Spacing of Pearlite in Eutectoid 2 Per Cent Cobalt Steel 
at Various Reaction Temperatures* 


-—————Temperature of Formation—_—__, 


Interlamellar 
— X 10> Spacing Log So 
Degrees Cent. Degrees Kelvin °K So—(A) 
650 923 108.2 2,030 3.307 
686 959 104.2 2,450 3.389 
672 945 105.8 2,020 3.305 
700 973 102.8 3,590 3.555 


*Lower A; temperature (Tc) is about 734 degrees Cent. (1355 degrees Fahr.). 


a close association of D and S,, but the subject is complex (9). It 
is interesting to note that carbon, manganese, and nickel, which have 


1 
little influence on the slope of the log D versus — plot, also have little 


influence on the slope of the interlamellar spacing plot. 

Only the curves for the eutectoid plain carbon steels, the 3.5 
per cent manganese steel, and perhaps the 1 per cent nickel steel may 
be considered established ; the experimental data for the other steels 


do not cover a sufficiently broad temperature range to permit accurate 
curve drawing. 


EFrFrects oF ALLOYING ELEMENTS 


A consideration of the mechanism of pearlite formation suggests 
that the degree of undercooling below the A, temperature** may 
govern the absolute value of the interlamellar spacing. If this as- 
sumption is true, it is of doubtful significance to compare the effects 
of different alloying elements simply on the basis of the absolute tem- 
perature, since the A, temperature is affected differently by various 
alloying elements. To test this supposition, the logarithm of the in- 
terlamellar spacing was plotted as a function of the degree of under- 
cooling below A, for each eutectoid steel (Fig. 17) .** 

The test is not a precise one, since the A, temperature for these 
steels is not accurately known; furthermore, the experimental 
accuracy of the spacing data may not be sufficiently great for this 
purpose. Nevertheless, it does appear from Fig. 17 that the data for 
all steels, except those containing cobalt, have been brought into con- 


In the case of alloy steels it is difficult to decide whether it is the upper or lower 
A; which is important. 


*The lower A; temperature has been used for the alloy steels. 
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siderably closer coincidence by this system of plotting. It may be 
inferred from this result that manganese and nickel exert little 
direct influence on the interlamellar spacing, but that cobalt may 
have a significant effect. The reason for this anomalous behavior of 
cobalt is obscure; it will be recalled that cobalt is also anomalous in 
its effect on the rate of the pearlite reaction. 


+ O78 %C Stée/ 
© 080%C -- 
° 10%NM - 

e 30%NM 

° 15%MN 

0 d5%M - 

o 10%CO 

6 20%60 


28 
Ie-T (°C) 


Fig. 17—Data shown in Fig. 15, but with the Logarithm of the Spacing 
Plotted Against the Degree of Undercooling Below A,. 


SUMMARY 


1. The interlamellar spacing of pearlite formed isothermally is 
in reality a statistical distribution of spacings about a mean value, So. 
For practical purposes, this mean value can be used to specify the in- 
terlamellar spacing. 

2. Several methods for determining interlamellar spacing have 
been evaluated. 

3. Interlamellar spacing is independent of the prior austenitic 
grain size, 
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4. An increase in carbon content above the eutectoid composi- 
tion results in a decrease in interlamellar spacing. 

5. The interlamellar spacing varies approximately exponen- 
tially with the temperature of reaction. 

6. Manganese and nickel have little direct influence on the inter- 
lamellar spacing ; cobalt decreases the spacing. 
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DISCUSSION 


Written Discussion: By R. A. Grange, U. S. Steel Corporation Research 
Laboratory, Kearny, N. J. 

This painstaking statistical analysis of the interlamellar spacing of pearlite 
has been read with a great deal of interest. The effect of carbon content upon 
interlamellar spacing of pearlite formed at a given constant temperature, as 
described by the authors, is a particularly interesting point. Insofar as the 
effect of other elements is concerned, there are several points which, it is felt, 
would serve to supplement in a qualitative way the authors’ quantitative 
_ observations. 

In their: discussion of the influence of composition upon the interlamellar 
spacing of pearlite, the authors point out that cobalt, when present as an alloy- 
ing element in eutectoid steel, significantly decreases the fineness of pearlite 
produced by the transformation of austenite at any given constant temperature, 
whereas manganese and nickel were found to exert little direct influence upon 
the interlamellar spacing. That this so-called “anomalous” behavior of cobalt 
is characteristic of at least one other alloying element, namely vanadium, is 
shown by the photomicrographs of Figs. A and B. These show the character 
of the pearlite formed at 1300 degrees Fahr. (705 degrees Cent.) in a eutectoid 
carbon steel of commercial purity (Fig. A) and in a eutectoid steel containing 
0.27 per cent vanadium (Fig. B). The former was austenitized at 1625 degrees 
Fahr. (885 degrees Cent.) and had, after this treatment, an austenite grain 
size of 4-5; the latter, austenitized at 1925 degrees Fahr. (1050 degrees Cent.), 
developed a grain size of 2-3. In either case, all carbides were dissolved in the 
austenite prior to transformation at 1300 degrees Fahr. (705 degrees Cent.). 
While no measurements of the mean interlamellar spacing in the two cases have 
been made, it is obvious that the vanadium eutectoid steel transformed to a 
much finer pearlite than did the plain carbon eutectoid steel. On the basis, 
accepted by the authors, that austenite grain size never, of itself, appreciably 
affects the mean interlamellar spacing of the resultant pearlite formed at a 
given constant temperature, this difference appears to be attributable to the 
presence of vanadium. The effect upon interlamellar spacing of a strong 
carbide-forming element like vanadium is understandable considering the fact 
that, relative to a plain carbon steel, the presence of vanadium alters the chem- 
ical nature of the carbide phase (or phases). 

It seems pertinent to mention further that composition may affect the 
character of pearlite to such an extent that measurements of interlamellar 
spacing have little or no value as a means of quantitatively describing the 
nature of the eutectoid aggregate. Thus, with increasing amounts of certain 
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Figs. A and B—Transformation at 1300 Degrees Fahr. (705 Degrees Cent.) in 
Two Eutectoid Steels. Picral Etch. X< 1000. 

Fig. A—Eutectoid Carbon Steel Austenitized at 1625 Degrees Fahr. (885 Degrees 
Cent.), Grain Size: 4-5. 

Fig. B—Eutectoid Steel Containing 0.27 Per Cent Vanadium, Austenitized at 
1925 Degrees Fahr. (1050 Degrees Cent.), Grain Size: 2-3. 


alloying elements, molybdenum for example, the relative perfection of the 
pearlite lamellae, which is characteristic of plain carbon steels in general, gives 
way at a comparable transformation temperature level to a predominantly 
spheroidal rather than a lamellar ferrite-carbide aggregate. Indeed, in certain 
cases, at temperatures in the range where pearlite forms in carbon steels, the 
present nomenclature of isothermal structures becomes inadequate, ‘since the 
designation of such spheroidal aggregates as “pearlite’, thereby implying a 
lamellar aggregate, does not convey a true picture of their nature. To illus- 
trate this point, the transformation product formed at 1300 degrees Fahr. 
(705 degrees Cent.) in a steel containing approximately 2 per cent molybdenum 
is shown in Fig. C. 

A trend, somewhat analogous to that produced by certain alloying ele- 





Figs. C and D—Transformation at 1300 Degrees Fahr. (705 Degrees Cent.) in 
Two Alloy Steels. Picral Etch. Xx 1000. 

Fig. C—2 Per Cent Molybdenum Steel. 

Fig. D—0.27 Per Cent Vanadium Steel. Same Steel as Shown in Fig. B Except 
Austenitizing Temperature in the Above Case was 1500 Degrees Fahr. (815 Degrees 
Cent.), Grain Size: 11. 


ments (that is, toward a spheroidal rather than a distinctly lamellar ferrite- 
carbide aggregate) also results from austenitizing prior to transformation at a 
relatively low temperature such that not all carbides are dissolved in the 
austenite. This has been discussed in some detail by Payson, Hodapp and 
Leeder™ and is illustrated by Fig. D, which represents the transformation 
product at 1300 degrees Fahr. (705 degrees Cent.) in the 0.27 per cent 
vanadium eutectoid steel after austenitizing at 1500 degrees Fahr. (815 degrees 
Cent.). In this case, many carbides were undissolved prior to transformation 
at 1300 degrees Fahr. (705 degrees Cent.) and their effect apparently has been 


*Payson, Hodapp and Leeder, ““The Spheroidizing of Steel by Isothermal Transforma- 
tion,” Transactions, American Society for Metals, Vol. 28, 1940, p. 306 














1084 TRANSACTIONS OF THE A. S. M. December 


to produce a predominantly spheroidal, rather than a lamellar aggregate. Fig. 
D is to be compared with Fig. B since both micrographs represent the trans- 
formation product at 1300 degrees Fahr. (705 degrees Cent.) in the same steel; 
the essential difference in heat treatment, which presumably caused the differ- 
ence in microstructure, consisted in the lower austenitizing temperature of the 
steel sample illustrated in Fig. D. Although the low austenitizing temperature 
may not of itself have altered the “inherent”, or potential, spacing of the 
lamellae, which admittedly depends primarily upon the transformation tem- 
perature, the fact that the resultant structure may be largely spheroidal intro- 
duces difficulties in interpreting, or even in making, significant measurements 
of interlamellar spacing. 


Oral Discussion 


C. W. Mason:” This work depends so basically upon the equation which 
has been set up that it might be of interest to consider some other ways of 
setting up equations that might, perhaps, give an independent or partially 
independent check. The equation would be different if it could deal only with 
equatorial sections of the pearlite nodules. Now, I realize that picking .out 
the equatorial sections in an approximately transformed product is probably a 
difficult task, but if it could be done, there would be an independent approach 
to it. 

Then there would be also the possibility of doing a linear analysis across 
the section of polish, taking a random line and measuring spacing thereon, 
which would again give a different equation and which could be constructed by 
successive parallel or otherwise oriented lines to give, if desired, the equivalent 
of successive depths of polish normal to the original plane of polish, which 
would again give rise to a different equation with the possibility of an inde- 
pendent check, if that were desired. 

I should like to inquire as to the possible explanation of the bi-nodal 
frequency curves. With regard to those curves where the frequency has two 
peaks, it seems to me that possibly those may be due to a situation where you 
have extra lamellae wedging in. I have seen several instances where this 
situation obtained. 

I should also like to inquire as to the planeness of the polish, because in 
those sections where the lamellae are cut very obliquely—they are not straight— 
they have a somewhat frayed appearance. Not particularly in reference to 
this paper, but in general, I should like to know, where those curves of 
spacing frequencies are not smooth, whether that can be traced back to irregu- 
larities in the planeness of the polish. I wonder how important that slight 
undulation in the surface might be. Of course, this could be checked, and 
it may have been done, by an independent method. 


Authors’ Closure 


The authors are grateful to Mr. Grange for the supplementary information 


*Professor of chemical microscopy and metallography, Cornell University, Ithaca, N. Y. 
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which he has presented. His observation concerning the effect of vanadium, 
a strong carbide-forming element, on the interlamellar spacing is particularly 
interesting. We should like to emphasize, however, that a rigorous evaluation 
of the effect of an alloying element on interlamellar spacing is difficult because 
of the lack of a satisfactory basis for comparison with a plain carbon steel. 
From a theoretical standpoint, the degree of undercooling below the A: tem- 
perature provides a more suitable basis of comparison than does the absolute 
temperature of formation.” 

Qualitatively, it is known that vanadium, as an alloying element in steel, 
raises the A; temperature.™ Consequently, for a given transformation tem- 
perature, the degree of undercooling is greater for the vanadium steel than for 
the plain carbon steel, and it might be expected that the pearlite of the vanadium 
steel would be finer. The difference in the degree of undercooling for the two 
steels might be sufficient to account quantitatively for the marked difference 
in interlamellar spacing exhibited in Figs. A and B of Mr. Grange’s discussion. 

With regard to the influence of austenitizing treatment, Mr. Grange has 
called attention to the rather pertinent fact that austenitizing temperature and/or 
time may be insufficient to effect complete solution of the carbides in austenite, 
with the result that the aggregate formed upon transformation is spheroidal 
rather than lamellar. This observation does not conflict with the conclusions 
which we have drawn concerning the effect of austenitizing treatment, though 
it obviously limits them to cases where the carbides are completely dissolved 
prior to transformation. 

In reply to Professor Mason’s discussion, it should be clearly understood 
that the basic equation (1) which has been set up is merely the solution to the 
mathematical problem of determining what percentage of area, on a’ sectioning 
plane, is occupied by each small range of interlamellar spacing as a result of 
the intersection of this plane with randomly oriented groups of equally spaced, 
plane, parallel lamellae. We believe the mathematical treatment to be sound, 
but it should be realized that the conditions assumed are idealized; the equation 
does not take into account any deviations in the true spacing. By means of 
this equation, a curve was calculated (Fig. 8) which indicates the distribution 
of apparent spacings to be expected if the true spacing is exactly constant. 
A comparison of this curve with an experimentally determined curve affords 
a test of the constancy of S.. It was found that the two curves did not 
coincide, which is evidence that S. is not exactly constant. The probable dis- 
tribution of true spacings was then determined from these curves by the 
statistical method of Scheil. 

Our observations do not support the contention that the apparent spacing 
varies systematically with location in the pearlite colony; any variations in 
spacing appear to be randomly situated within a colony. Consequently, it seems 
quite useless to attempt to set up separate expressions for the distribution of 
apparent spacings, based on different S. values, for equatorial and other sections 
of a pearlite colony. 


27F. C. Hull and R. F. Mehl, “The Structure of Pearlite,”” Transactions, American 
Society for Metals, Vol. 30, 1942, p. 381. 


J. G. Zimmerman, R. H. Aborn, and E. C. Bain, “Some Effects of Small Additions 
of Vanadium to Eutectoid Steel,’”’ Transacgrions, American Society for Metals, Vol. 25, 
1937, p. 755. 
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The statistical method which we used consumed an inordinate length of 
time, and for this reason our results were not checked by independent methods. 
In our discussion we have described alternative methods which might be used 
to make independent measurements. It seems to us that the method of linear 
analysis suggested by Professor Mason would yield results equivalent to those 
which we obtained by areal analysis, and thus would not provide a really 
independent check. 

Concerning the bi-nodal distribution curves indicating the variation of 
apparent spacing within pearlite colonies (Fig. 11), we have already offered 
explanations for these double peaks. In view of the very limited occurrence in 
single pearlite colonies of instances where extra lamellae are wedged in between 
diverging lamellae, we doubt that this phenomenon could account for such 
double peaks. Furthermore, in such instances the presence of these extra 
lamellae tends to act as compensation for the local increase in spacing. 

In answer to the question concerning the planeness of the polished surface, 
we can say merely that care was taken in the polishing to avoid pitting or 
other serious surface unevenness. From the geometry of the situation, it is 
apparent that any error in a distribution curve of apparent spacings, arising 
_ from slight undulation of the surface, is negligible in comparison with errors 
of measurement. We have not verified this experimentally, as its importance 
did not seem to warrant further investigation. It is unlikely that such surface 
irregularity could account for the double peaks of the distribution curves in 
Fig. 11. We believe that the frayed appearance of. lamellae sectioned very 
obliquely, to which Professor Mason has referred, is attributable to slight 
curvature of the cementite lamellae which is exaggerated by the obliquity of 
the cut. 








LOW TEMPERATURE IMPACT RESISTANT STEEL 
CASTINGS 


By N. A. ZIEGLER AND H. W. Norturup 


Abstract 


An industrial low alloyed steel, to meet the specifica- 
tion of 15 foot-pownds Charpy at —150 degrees Fahr. 
(—100 degrees Cent.), has been worked out. Its approxi- 
mate chemical composition is 0.05 per cent carbon max., 
0.20 to 0.50 per cent silicon, 0.50 to 0.80 per cent man- 
ganese, 0.03 per cent sulphur max., 0.02 per cent phos- 
phorus max., and 3.5 to 4.0 per cent nickel. This steeb 
possesses the following minimum physical properties: 
tensile strength—60,000 pounds per square inch; yield 
point—40,000 pounds per square inch; elongation, 35 
per cent; reduction of area, 60 per cent; and Charpy im- 
pact resistance, 40 foot-pounds (at room temperature) 
and 20 foot-pounds (at —175 degrees Fahr.) (—115 de- 
grees Cent.). 

High grade raw ‘materials, careful manufacturing 
technique and purity of the resultant product are the main 
requirements necessary for the successful production of 
this steel. : 

Small amounts of carbide forming element, such as 
vanadium, molybdenum or chromium, may be added to 
this steel to improve the tensile strength. Such additions, 
however, invariably reduce the impact resistance. This 
reduction may not necessarily be below the specification 
minimum and thus sometimes may be tolerated. 


INTRODUCTION 


N the paper presented a short time ago (1)* by Armstrong and 
Gagnebin, a rather complete survey of research work done on 
steels suitable for low temperature applications, down to —200 degrees 
Fahr. ( —130 degrees Cent.), is given. Briefly, their findings can be 
summarized as follows: Good Charpy impact values can be secured 
at temperatures down to —200 degrees Fahr. ( —130 degrees Cent.) 
~~ ‘¥Phe figures appearing in parentheses refer to the bibliography appended to this paper. 


-A paper presented before the Twenty-third Annual Convention of the 
Society held in Philadelphia, October 20 to 24, 1941. Of the authors, N. A. 
Ziegler is research metallurgist, and H. W. Northrup is metallurgical engineer, 
Crane Co’s. Research Laboratories, Chicago. Manuscript received July 16, 1941, 
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with properly deoxidized, normalized and drawn cast steel containing 
a maximum of 0.15 per cent carbon and from 3.50 to 4.00 per cent 
nickel. Cast steels containing a maximum of 0.15 per cent carbon, 
2.75 per cent nickel and approximately 0.30 per cent molybdenum 
likewise give satisfactory results. In the case of ‘normalized and 
drawn wrought steels, carbon may be raised to 0.17 per cent and _ 
nickel reduced to 2.75 per cent. Optimum nickel content-in the plain 
nickel steels, however, appears to be between 3.50 and 4.00 per cent. 
Sometimes when working temperatures are only moderately low, 
even plain carbon steels may be satisfactorily applied, providing that 
they are properly deoxidized with aluminum and heat treated. The 
latter statement is particularly true when liquid quenching, followed 
by drawing, is used. 

In our field of work, we are primarily interested in cast steels. 
Until recently, most specifications for applications, such as in lubri- 
cating oil de-waxing processes, have been in terms of 15 Charpy foot- 
pounds at —50 or —75 degrees Fahr. (—46 or —70 degrees Cent.), 
which were satisfactorily met by a normalized and drawn steel con- 
taining 2.5 to 3.0 per cent nickel and 0.25 per cent maximum carbon. 
Lately, however, for extremely low temperatures used in some chemi- 
cal processes, a tentative specification of 15 Charpy foot-pounds at 
—150 degrees Fahr. (—-100 degrees Cent.) has been worked out. 
It has been commonly accepted that for such use either copper or 
nickel-base alloys, or austenitic steels are needed. Armstrong and 
Gagnebin’s work definitely shows that certain low alloyed steels can 
be satisfactorily applied, providing that they are carefully manufac- 
tured and properly heat treated. 

Their work, however, was performed or small experimental 
melts. Our problem, on the other hand, was to present industry with 
technical evidence, which could be directly applied to commercial 
production of steel castings. Therefore our work has been conducted 
on a semi-commercial and commercial scale with cast and heat treated 
steels. 


SEMI-COMMERCIAL EXPERIMENTS 


Each experimental melt now to be described has been performed 
in a 200-pound high frequency induction furnace and cast in three 
“keel” test molds made from green sand (1.5x 1x7 inches). Unless 
otherwise specified, all keels, after being cut off from the risers and 
gates, were subjected to the following heat treatment: 
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1. Normalizing at 1750 degrees Fahr. (950 degrees Cent.) 
2. Air quenching from 1550 degrees Fahr. (840 degrees Cent.) 
3. Drawing at 1200 degrees Fahr. (650 degrees Cent.) 

This heat treatment was worked out by previous experimenta- 
tion and proved to be most satisfactory for this type of steel. As 
pointed out by Armstrong and Gagnebin, liquid quench followed by 
drawing treatment produces more satisfactory low temperature 
impact resistance than normalizing. Effective quenching, however, 
as is well known, is restricted to thin-walled articles only. When wall 
thickness passes a certain maximum, effective quenching operations 
become difficult to perform. All our experimental work has thus 
been confined to normalized steels. 

Again, unless otherwise stated, the raw material used in this 
work was ingot iron scrap. 


Testing 


All test data to be presented were obtained on a 200,000-pound 
Baldwin-Southwark testing machine using standard 2-inch gage, 
0.505-inch diameter test bars, and a conventional Amsler impact 
tester, using standard Charpy test pieces with keyhole notch, and 70 
foot-pounds blow. | 

Impact testing was performed at room temperature, 0, —50, —100, 
—150 and —175 degrees Fahr. ( —18, —45, —73, —100 and 
—115 degrees Cent.). To obtain low temperatures down to and 
including —100 degrees Fahr. ( —73 degrees Cent.), the specimens 
were immersed in acetone mixed with dry ice in a thermos flask. To 
obtain lower temperatures, i.e., —150 and —175 degrees Fahr. 
(—100 and —115 degrees Cent.), an apparatus consisting of two 
thermos flasks, each about 8 inches deep by 5 inches diameter, mounted 
in a housing, was used. One flask contains liquid nitrogen, and the 
other, specimens immersed in ether. The latter is provided with a per- 
forated platform on which the samples rest. The first chamber, con- 
taining liquid nitrogen, is provided with a tight cover, and is con- 
nected to the compressed air supply. When the compressed air, 
which is regulated by means of a needle valve, is turned on, it carries 
liquid nitrogen through a connecting tubing into the second chamber, 
and causes it to circulate through a coil resting on the bottom of the 
vessel below the specimen platform. The ether is agitated by a motor- 
driven propeller, which is located between the coil and the specimen 
platform. The temperature of the ether is controlled by regulating 
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the amount of liquid nitrogen forced through the cooling coil and is 
measured by a pentane thermometer. Specimens were held at the 
desired temperature for 30 minutes, to insure uniform cooling; then, 
one at a time, quickly placed in the impact machine and fractured. 
Each time, temperature of the samples was regulated about 5 degrees 
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Fig. 1—Effect of Slag Treatment and Deoxidation 
on Low Temperature Charpy Impact Resistance of 3.5- 
4.0 Per Cent Nickel Steel. (Each Point Represents an 
Average of Several Tests.) 
Physical Properties —————_—____, 


M.E. 
T.S. Y.P. | Lbs. 


/ 
7——Chemical Analysis—, Lbs./ Lbs. / Lbs. / El. R.A. Sq. In. Heat 
Si Mn c Ni Sq.In. Sq.In. Sq. In. % J X10 No. 

0.26 0.70 0.03 3.61 62,800 44,000 42,000 43.0 78.7 28.1 3158 
0.22 0.75 0.04 3.89 63,800 42,500 35,500 39.0 73.5, 29.8 3012 


Fahr. below the specified temperature to allow for warming while 
being placed in the machine. The anvil of the machine was cooled 
with dry ice while specimens were cooling. 


Slag Control and Deoxidation of the Metal 


As pointed out by Armstrong and Gagnebin, the degree of de- 
oxidation and general purity of the metal are highly important in 
obtaining low temperature resistance to impact. After considerable 
experimentation, there was developed a manufacturing technique 
which consisted of treating the molten metal bath with basic slag. 












STEEL CASTINGS 












0 
00 J -100 -50 0 


Testing Temperature, i] 


Fig. 2—Effect of Nickel Content on Low Tempera- 
ture Charpy Impact Resistance of Several Low Carbon 
Tet) (Each Point Represents an Average of Several 

ests. 


——————_—Physical Properties———————_, 


t.2. ¥.P. Pz. Lbs. 
-——Chemical Analysis—, Lbs./ Lbs. / Lbs./ El. R.A. Sq. In. Heat 
Si Mn Cc Ni Sq.In. Sq.In. Sq. In. % %o x 10° No. 

0.26 0.70 0.03 3.61 62,800 44,000 42,000 43.0 78.7 28.1 3158 
0.25 0.54 0.03 2.94 59,650 44,000 42,250 41.6 73.8 28.8 3389 

0.40 0.53 0.04 2.00 56,000 36,000 30,000 43.0 72.0 30.0 3382 

0.41 0.53 0.02 0.98 53,730 36,820 34,330 46.7 82.7 29.5 3373 
0.27 0.52 0.03 ihe's 47,850 26,450 26,000 45.2 82.7 30.2 3372 
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Emphasis must be placed on the slag treatment, because it has 
been found that unless it is used, good low temperature properties 
cannot be expected. Fig. 1 is an illustration of this statement. It 
represents impact resistance, at various low temperatures, of two 
steels: one (No. 1) properly slag-treated, and the other (No. 2) 
manufactured before the slag-treating technique had been developed. 
Chemical analyses and room temperature physical properties are 
practically identical in both cases, but the difference in the impact 
resistance is quite striking. 


Effect of Nickel Content 






Armstrong and Gagnebin have demonstrated quite conclusively 
that the most efficient nickel content for obtaining maximum low 
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temperature impact resistance is 3.5-4.0 per cent. To verify this 
claim, five heats containing under 0.05 per cent carbon and 0, 1, 2, 3 
and 3.75 per cent nickel (the latter is the same heat as No. 1 of 
Fig. 1) have been prepared using the same slag—and heat treating 
technique as previously described. Impact resistance of these steels 
at various temperatures, together with the chemical analyses and room 
temperature physical properties, is represented in Fig. 2. It is 
interesting to note that the room temperature impact resistance of all 
five steels is nearly the same within experimental error. Even the 
steel with no nickel (i.e., “pure iron’) at room temperature has 
about 55 foot-pounds impact resistance. At —100 degrees Fahr. 
( —73 degrees Cent.) the impact resistance of “pure iron” decreases 
to about 28 foot-pounds, while those of the steels containing 1.00 
and 3.75 per cent nickel still are over 50 foot-pounds. [Steels con- 
taining 2.0 and 3.0 per cent nickel have been tested only at room 
temperature and —175 degrees Fahr. ( —115 degrees Cent.). This 
is the reason why these two curves in Fig. 2 are indicated by dotted 
lines.] At —175 degrees Fahr. ( —115 degrees Cent.) the impact 
resistance of steels containing 2, 1, and 0 per cent nickel decreases 
to values below 10 foot-pounds, steel containing 3.0 per cent nickel 
has about 20 foot-pounds impact resistance, and one containing 3.75 
per cent nickel—better than 40 foot-pounds. It also may be noted 
that with nickel decreasing from 3.75 to O per cent, the tensile 
strength of the steels decreases from about 63,000 to 48,000 pounds 
per square inch (See Table, Fig. 2). Yield point and proportional 
limit also decrease in the same proportion, while the ductility (elonga- 
tion and reduction of area) remains nearly constant. These experi- 
ments have proved that 3.5-4.0 per cent nickel is most satisfactory 
for this type of service. 


Effect of Carbon Content 


It is known that carbon generally has a detrimental effect on the 
low temperature impact resistance of most of the steels. Hence, the 
next step in this work was to determine the maximum that would 
be permissible. 

Five melts, containing 3.5-4.0 per cent nickel and nominal car- 
bon contents of 0, 0.05, 0.1, 0.15 and 0.20 per cent, were prepared, 
using the same careful manufacturing and slag treating technique. 
Their physical properties and low temperature impact resistances are 
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(correspondingly) tabulated and graphically represented in Fig. 3. 
It is apparent that increase of carbon from 0.03 to 0.07 per cent is 
quite effective in reducing the low temperature impact resistance. At 
—175 degrees Fahr. it is over 40 foot-pounds for the former carbon 
content and only about 33 foot-pounds for the latter. Nevertheless, 
this last figure, for all practical purposes, still is entirely satisfac- 
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rig. 3—Effect of Carbon Content on Low Tempera- 
ture Charpy nage Resistance of Several Steels Con- 


taining 3% Per Cent Nickel. (Each Point is an Average 
of Several Tests.) 
——P hyysiical Properties ———————__, 
M.E. 
. 7.38. Y.P. P.L. Lbs./ 
7-—Chemical Analysis—, Lbs./ Lbs./ Lbs./ El. R.A. Sq.In. Heat 
Si Mn G Ni Sq.In. Sq.In. Sq. In. % % X10 #£«xNo. 


1 0.26 0.70 0.03 3.61 62,800 44,000 42,000 43.0 78.7 28.1 3158 
7 0.23 0.72 0.07 3.61 68,300 50,000 45,000 40.5 75.9 29.0 3165 
8 0.21 0.50 0.15 3.62 75,800 58,000 57,500 33.0 57.0 29.2 3189 
9 0.28 0.66 90.17 3.60 81,300 56,500 52,000 32.4 62.2 29.3 3188 
10 0.54 0.67 0.19 3.79 91,900 71,500 62,000 26.0 50.0 27.5 3182 


tory. The next increase of carbon content, i.e., to about 0.15 per 
cent, reduces this value to about 10-15 foot-pounds, which is danger- 
ously low. Increase of carbon beyond this figure and up to about 
0.20 per cent seems to have but little effect. The three steels con- 
taining 0.15, 0.17 and 0.19 per cent carbon, within experimental error, 
have nearly the same impact curves. 

The effect of carbon on room temperature physical properties 
of this type of steel, as recorded in the tabulation of Fig. 3, is worth 
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noting. Increase of carbon from 0.03 to 0.19 per cent causes the ten- 
sile strength to rise from about 63,000 to 92,000 pounds per square 
inch with corresponding rise of the yield point and proportional limit. 
Ductility, as represented by elongation and reduction of area, at the 
same time decreases by some 50 per cent of the original values. 

It thus appears that, in order to obtain best low temperature im- 
pact resistance in this type of steel, carbon content should be restricted 
to 0.07 and preferably 0.05 per cent and that the maximum figure of 
0.15 per cent, as specified by Armstrong and Gagnebin, is too high. 


Effect of Carbide Forming Elements 


It may be mentioned in passing that Steel No. 1, used as a “yard 
stick” in Figs. 1, 2, 3, 4 and 5, is one of the best (as far as the low 
temperature impact resistance is concerned) of all those produced. 
However, it is by no means an exceptional case, and, as it has been 
demonstrated, it can be reproduced at will. Nevertheless, when 
nickel content is restricted to 3.5-3.75 per cent and carbon to 0.05 
per cent maximum, it is difficult to obtain tensile strength of much 
more than 60,000 pounds per square inch. Most of the engineering 
specifications require 70,000 pounds per square inch minimum tensile 
strength and even in special cases 65,000 pounds per square inch 
minimum is desired. Our 3.5-4.0 per cent nickel, 0.05 per cent 
maximum carbon steel (represented by No. 1), on the other hand, 
usually fractures at 60,000 to 65,000 pounds per square inch. At- 
tempts thus have been made to modify the composition of this steel 
so as to raise the tensile strength without reducing the low tempera- 
ture impact resistance. The two most promising ingredients to attain 
this property appeared to be vanadium and molybdenum. The latter 
has been investigated by Armstrong and Gagnebin, and they even 
recommend a composition of 0.15 per cent carbon, 2.75 per cent 
nickel and about 0.3 per cent molybdenum. 


Vanadium Steels 


Three melts were prepared, using the same melting, slag treating 
and heat treating practice as before, and containing 3.5-4.0 per cent 
nickel, 0.1-0.15 per cent vanadium and 0.03, 0.07 and 0.15 per cent 
carbon, respectively. Their chemical analyses, room temperature 
physical properties, and low temperature impact resistance are repre- 
sented in Fig. 4. Chemical analysis of the Steel No. 11, containing 
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3.55 per cent nickel, 0.02 per cent carbon and 0.13 per cent vanadium, 
is, with the exception of vanadium, quite comparable to No. 1 steel. 
Its tensile strength (as compared to 62,800 pounds per square inch 
for the latter) is raised to 69,650 pounds per square inch, but the 
impact resistance is lowered at all temperatures. Nevertheless, at 
—175 degrees Fahr. ( —115 degrees Cent.) it still possesses about 


Nat Q02%C, 
015 %V >— 


Testing Temperature, F 


Fig. 4—Effect of Carbon and Vanadium on Low 
Temperature Charpy Impact Resistance of Steels Con- 
taining 3344 Per Cent Nickel. (Each Point is an Average 
of Several Tests.) 


Physical Properties——————_—_, 
M.E. 
T.S. i # A P.L. s./ 


Lbs. 
———Chemical Analysis—__,_Lbs./ Lbs./ Lbs./ . R.A. Sq. In. 
Si Mn Cc Ni V  Sq.In. Sq.In. Sq. In. Jo X108 
0.26 0.70 0.03 3.61 62,800 44,000 42,000 3 78.7 28.1 
0.27 0.65 0.02 3.55 m 69,650 45,500 38,000 é 76.0 29.1 
0.27 0.64 0.07 3.63 ; 84,550 65,000 62,000 ; 68.0 28.2 
0.18 0.65 0.14 3.71 . 99,250 84,500 82,000 ‘ 55.0 28.5 


foot-pounds impact resistance. Chemical analysis of the Steel 
No. 12, containing 3.63 per cent nickel, 0.07 per cent carbon and 0.15 
per cent vanadium, with the exception of vanadium, is comparable 
to Steel No. 7 (Fig. 3). Its tensile strength (as compared to 68,300 
pounds per square inch for the latter) is raised to 84,550 pounds per 
square inch, but its impact resistance is quite low and at —175 de- 
grees Fahr. ( —115 degrees Cent.) amounts only to about 15 foot- 
pounds. 
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Chemical analysis of the Steel No. 13, containing obout the same 
amounts of nickel and vanadium, but 0.14 per cent of carbon, is com- 
parable to Steel No. 8 (Fig. 3). Its tensile strength (as compared 
to 75,800 pounds per square inch for the latter) is raised to 99,250 
pounds per square inch, but its impact resistance is hopelessly low 
and at —175 degrees Fahr. ( —115 degrees Cent.) amounts only to 
about 5 foot-pounds. In other words, vanadium in~ amounts of 
0.1-0.15 per cent considerably raises the tensile strength and the yield 
point, does not affect the ductility (as measured by elongation and 
reduction of area) but reduces the impact resistance at all tempera- 
tures. 


Molybdenum Steels 


To verify Armstrong and Gagnebin’s claim that in a steel, in 
which nickel and molybdenum have been properly balanced, satis- 
factory low temperature impact resistance may be obtained, four 
melts were made using the same melting, slag treating, and heat treat- 
ing technique. In three of them, carbon was kept as low as possible, 
molybdenum was adjusted to 0.35-0.40 per cent, and nickel to 3.0, 
3.5 and 3.75 per cent, respectively. In the fourth melt, molybdenum 
was fixed at the same value, nickel at 2.86 per cent and carbon was 
raised to 0.12 per cent. All the test data and chemical analyses on 
these steels are compiled in Fig. 5. 

Only the Steel No. 14, containing 3.0 per cent nickel and very 
low carbon, has its impact resistance at —175 degrees Fahr, (—115 
degrees Cent.) reduced to below 10 foot-pounds. The other two low 
carbon steels, No. 15 and 16 (containing 3.48 and 3.80 per cent 
nickel, respectively), have impact values at —175 degrees Fahr. 
( —115 degrees Cent.) of 15-20 foot-pounds. In fact, their impact 
curves are nearly identical, within the experimental error. 

The increase of nickel from 3.0 to 3.80 per cent causes the tensile 
strength to raise from 64,900 to over 70,000 pounds per square inch, 
with a corresponding increase of the yield point. Ductility, as 
measured by the elongation and reduction of area, on the other hand, 
remains nearly constant. 

Steel No. 17 (composition recommended by Armstrong and 
Gagnebin) containing 2.86 per cent nickel, 0.35 per cent molybdenum 
and 0.12 per cent carbon had the lowest room temperature impact 
resistance for this group. 
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At —175 degrees Fahr. ( —115 degrees Cent.), on the other 
hand, its impact resistance is the highest. In other words, its loss 
in impact resistance caused by the decreasing temperature is the 
smallest. At the same time, its tensile strength is over 83,000 pounds 


Tésting Temperature, F 


Fig. 5—Effect of Nickel, Carbon and Molybdenum 
on Low Temperature Impact Resistance of Several 
Steels. (Each Point is an Average of Several Tests.) 


————Physical Properties————_—_—_, 
M.E. 
+S. YP. P.L. Lbs./ 
7————Chemical Analysis—_.,_ Lbs./ Lbs. / Lbs./ . R.A. Sq. In. 
Mn . Ni Mo Sq.In. Sq.In. Sq. In. Jo X108 
62,800 44,000 42,000 ‘ 78.7 
64,900 47,000 40,000 ; 76.0 
73,950 51,000 44,000 . 74.0 
70,800 51,250 47,000 ‘ 74.0 
83,800 62,500 51,500 J 67.0 29.8 


per square inch accompanied by a very fair ductility. It appears that 
the addition of molybdenum considerably reduces the impact resist- 
ance in this type of steels at all temperatures. Nevertheless, by 
properly balancing nickel and molybdenum, a fair low temperature 
impact resistance may be preserved, even though carbon content 
may be raised to over 0.1 per cent. This latter observation is rather 


interesting, because it does not apply to straight nickel and nickel- 
vanadium steels. 
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Fig. 6—Straight Nickel Steel No. 1. (Heat No. 3158.) 3.61 Per Cent Nickel, 0.03 
Per Cent Carbon. 49 Foot-Pounds at —175 Degrees Fahr. Etched in Nital. x 500. 

Fig. 7—Straight Nickel Steel No. 8. (Heat No. 3189.) 3.62 Per Cent Nickel, 0.15 
Per Cent Carbon. 12 Foot-Pounds at —175 Degrees Fahr. Etched in Nital. x 500. 





Fig. 8—Vanadium-Nickel Steel No. 12. (Heat No. 3177.) 3.63 Per Cent Nickel, 


0.15 Per Cent Vanadium, 0.07 Per Cent Carbon. 25 Foot-Pounds at —175 Degrees 
Fahr. Etched in Nital. xX 500. 


Fig. 9—Vanadium-Nickel Steel No. 13. (Heat No. 3180.) 3.71 Per Cent Nickel, 
0.12 Per Cent Vanadium, 0.14 Per Cent Carbon. 6 Foot-Pounds at —175 Degrees Fahr. 
Etched in Nital. xX 500. 










STEEL CASTINGS 


Chromium Steels 












The effect of chromium additions to low carbon nickel steels in 
amounts up to 0.5 per cent has been investigated. These data are not 
sufficiently complete to permit of constructing curves similar to 
vanadium and molybdenum steels. Nevertheless, there is sufficient 
evidence to state that chromium acts very similar to the other two 
elements ; small additions of chromium raise the tensile strength and 
reduce the impact resistance. This reduction, however, may not 
necessarily be below the specification minimum and thus may be 
tolerated. 


METALLOGRAPHIC AND THERMAL STUDIES 























Steels so far described have been subjected to a rather extensive 
micro-examination. Figs. 6, 7, 8,9 and 10 are representative photo- 
graphs illustrating structures of all steels so far discussed. It has 
been observed on numerous occasions that each steel assumes, at a 
certain low temperature, a “transitory status”, when it passes over 
from a ductile to a brittle state. At such a temperature, impact 
resistance figures obtained on individual test pieces became extremely 
irrational and vary one from another by several hundred per cent. 
During the metallographic examination attempts were made to corre- 
late this phenomenon with structural characteristics. In other words, 
a direct comparison was made between samples made from the same 
steel and fractured at the same temperature, but indicating, say, 50 
and 5 foot-pounds impact resistance, respectively. Although it has 
been observed that weaker specimens have a tendency to be somewhat 
coarser and structurally less uniform than stronger ones—this differ- 
ence is not sufficiently striking to use it as an explanation of this 
phenomenon. It appears that such differences in the impact resist- 
ance are caused by something besides structural characteristics which 
(unless by accident) cannot be detected by microscopic, or, for that 
matter, by any other simple means. 

In a series of Russian articles (2), (3) and (4) recently pub- 
lished by a group of investigators headed by N. N. Davidenkoff, this 
problem is analyzed from physico-chemical and thermo-dynamical 
angles and the following conclusions are reached (3): 

On the strength of the derived curves on the relationship of the 
critical temperature of embrittlement T,; from the deformation speed 
ve (in a wide interval of speeds from 4.2 x 10 to 83.3 m./spe.) and 
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Fig. 10—Molybdenum-Nickel Steel No. 17. (Heat No. 3204.) 2.86 Per 
Cent Nickel, 0.35 Per Cent Molybdenum, 0.12 Per Cent Carbon. 16 Foot- 
Pounds at —175 Degrees Fahr. Etched in Nital. Xx 500. 


of the limit of viscosity 5 at the temperature T (within + 20 and 
—170 degrees Cent.) for unnotched specimens of soft steel on bend- 
ing, the following empirical expressions have been found: 

T, = ¢ (v-), 8: = © (T), 8, = & (ve) and Gr = » (8,, Ts). 

The fundamental conclusions are: 

1. The critical temperature of embrittlement, expressed in °K, 
can be connected with the deformation speed by an ex- 
ponential relationship: 

—B 
ve = A, > 

2. The relationship of the limit of plasticity to the temperature 
likewise is well described by an exponential function: 

5, = ae a 
: Es 
These articles also describe investigations on the influence of the 
state of the surface of the notch on the cold brittleness of steel speci- 
mens (5), and some new developments in the testing machinery and 
technique (6), (7). 
One observation worth recording is that, generally speaking, the 
steels most resistant to low temperature embrittlement are those in 
which carbon is present as spheroidal carbides. With an increasing 
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amount of carbides the low temperature impact resistance decreases. 
The first appearance of pearlite is usually associated with a rather 
drastic drop in low temperature impact resistance. When, in spite 
of relatively high carbon, the spheroidal state can be preserved, 
reasonably high impact resistance may be expected. This is observed 
in the case of Steel No. 17 (Fig. 10). 

All steels so far discussed have been subjected to dilatometric 
analysis and three “standard” curves (i.e., 2 hours to heat to about 
1000 degrees Cent. (1830 degrees Fahr.) and 5 hours to cool to 
room temperature) are reproduced in Fig. 11. Curves of the Steels 
No. 1 and 11 correspondingly represent nickel and nickel-vanadium 
steels. Irrespective of carbon content, they do not have any sup- 
pressed transformations and thus do not indicate any potential danger 
of hardening or embrittlement, resulting from rapid cooling, such 
as after welding. 

Curve of the Steel No. 17 represents nickel-molybdenum steels. 
It indicates a slight suppressed transformation, which, no doubt, 
would be intensified by a more rapid cooling. This steel, thus, 
should have a greater tendency for air hardening and embrittlement 
resulting from rapid cooling. This puts it in the general classifica- 
tion of more “temperamental” steels than straight nickel or nickel- 
vanadium. This observation checks with the general knowledge of 
the behavior of molybdenum in steels. This element has a strong 
tendeney to create the phenomenon of suppressed transformation, 
thus making steels potentially “air hardening”. 


INDUSTRIAL EXPERIMENTS 


The work described so far was performed on rather large sized 
melts (200 pounds). Nevertheless, it was conducted under ideal 
laboratory conditions, and a question immediately arose as to how 
these could be reproduced in the shop. Four melts were therefore 
made, using ingot iron as raw material in two cases, and high grade 
steel punchings in the other two. Each melt was subjected to slag 
treatment previously worked out and cast into 3-inch flanged valve 
bodies weighing about 85 pounds each. All four castings were sub- 
jected to above described heat treatment. After that, one flange was 
cut off from each casting and the rest of it was subjected to another 
heat treating cycle similar to the first. Upon completing the second 
heat treatment, another flange was cut off. There was obtained, 
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Fig. 11—Dilatometer Curves of Three Representative Steels. 


therefore as working material, eight flanges; four subjected to a 
single heat treatment, and four, to double. Standard tensile and 
impact test pieces were machined from these flanges and subjected 
to testing, the results of which are summarized in Fig. 12. 

These results reveal a surprising fact. The chemical composi- 
tions of the four melts are nearly identical (within experimental 
error) ; physical properties, on the other hand, are quite different. 
The tensile strengths of the “punching” heats are considerably 
higher than those of the “ingot iron” heats. Yield points, elonga- 
tions, and reductions of area are nearly the same in all cases. How- 
ever, the impact resistance of the “ingot iron” heats at all tempera- 
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Testing Temperature, F 


12—Charpy-Impact Resistance at Subzero 
(Each 


Fig. 
Temperatures of the Four 3-Inch Valve Bodies. 
Point is an Average of Several Tests.) 


——Chemical Analysis—_____, 


Si 
0.44 
0.44 
0.29 
0.29 
0.40 


0.40 


0.56 
0.54 
0.56 
0.54 


T.S. 
Heat Lbs./ 
No. Sq. I 


66,050 
33 
64 66,000 
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63,600 
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3380 
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0.67 
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0.57 
0.56 
0.57 


0.75 
0.75 


0.82 
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0.82 


Physical Properties, 


+. 
Lbs. / 
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57,000 
45,000 
47,500 
48,500 
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Fig. 13—“Ingot Iron” Heat No. 3364. 38 Foot-Pounds at —175 Degrees Fahr. 
Etched in Nital. X 500. a—Bright Field Illumination. b—Dark Field T[lumination. 


tures is far superior to that of the “punching” heats. In each case, 
the second heat treatment, without changing to any great extent the 
room temperature properties, improves the low temperature impact 
resistance. In one case (Heat No. 3380, “ingot iron”) this improve- 
ment is quite appreciable. At any rate, “punching” heats in all cases 
are inferior to “ingot iron” heats. At present there is no known way 
to raise the quality of the former to that of the latter. 

Many attempts have been made to clarify this peculiarity. 
Metallographic examination has revealed that (Fig. 13) the “ingot 
iron” melts have fine polyhedral structure with well defined “clean” 
grain boundaries. In “punching” heats the grain size is about the 
same, but in the grain boundaries a precipitate of some sort can be 
observed. (Fig. 14). This precipitate, no doubt, is responsible for 
low impact resistance of “punching” heats, but its nature so far 
has not been revealed. The most logical supposition would be that 
the precipitated particles are carbides, but careful chemical analysis, 
checked several times, eliminates the carbide theory. There is not 
enough difference in carbon content between the “ingot iron” and 
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Fig. 14—“Punchings” Heat No. 3365. 4 Foot-Pounds at —175 Degrees Fahr. 
Etched in Nital. Xx 500. a—Bright Field Illumination. b—Dark Field [lumination. 


“punching” heats to explain the structural difference. (See Table, 
Fig. 12). Spectrographic analysis gave negative results, i.e., the 
“ingot iron” heats were in no way markedly different from the 
“punching” heats. Nitrogen analysis has been conducted on these 
four heats by two independent organizations, using two different 
methods. Their results differ somewhat, but none of them has 
reported much difference between’ “ingot iron” and “‘punchings” heat. 
Whe precipitate does not look like any known oxide, which eliminates 
the “oxygen” theory, unless this element produces an indirect effect, 
acting as a “catalyst” and causing something else (possibly carbides) 
to precipitate. It thus appears that no simple explanation of this 
difference can be advanced, and it has to be taken at its face value. 
Another experiment was performed, casting a 4-inch flanged 
valve body, weighing about 265 pounds, from a 600-peund produc- 
tion high frequency induction furnace, using ingot iron as raw 
material, slag control, and the same heat treatment. A test block 
was also cast from this heat. The chemical analysis of this heat and 
physical data obtained from the test bars machined from the test 
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block and from a flange of the casting are presented in Table I. 
These results clearly indicate that industrial castings for applications 
at temperatures down to —175 degrees Fahr. (—115 degrees Cent.) 
can be satisfactorily manufactured in a commercial foundry. 


SUMMARY 


1. The problem of making economical low-alloyed steel cast- 
ings to meet the tentative specification of 15 foot-pounds Charpy 
impact resistance at —150 degrees Fahr. (—100 degrees Cent.) 
may be considered as basically solved. 

2. The chemical analysis of such a steel should be as follows: 
carbon—0.05 per cent maximum, silicon—0.20 to 0.50 per cent, 
manganese—0.50 to 6.80 per cent, sulphur—0.03 per cent maximum, 
phosphorus—0.02 per cent maximum, nickel—3.5 to 4.0 per cent.* 

3. To obtain satisfactory low temperature impact resistance in 
such castings : 

A. Commercially pure iron should be used as the base raw 

material, : 

B. A careful slag treatment should be applied during the 

manufacturing procedure, 

C. It is preferable that high-frequency induction melting fur- 

naces be used, | 

D. Castings should be subjected to the following heat treat- 

ment: 

a. normalizing at 1750 degrees Fahr. (950 degrees Cent.), 

b. - quenching at 1550 degrees Fahr. (840 degrees 
ent. ), 

C; Parl at 1200 degrees Fahr. (650 degrees Cent.). 

(A repetition of this heat treatment improves the low tempera- 

ture impact resistance). 

4. The minimum physical properties of the straight nickel steel 
are: 


Tensile strength : 60,000 pounds per square inch 
Yield point: 40,000 pounds per square inch 
Elongation : 35 per cent 
Reduction of area: 60 per cent 
at room temperature: 40 ft-lbs. 
Charpy impact resistance at —175 degrees Fahr. (—115 de- 
grees Cent.) : 20 ft-lbs. 
5. Additions of carbide forming elements in approximate 
amounts of vanadium—0O.15 per cent, molybdenum—0.35 per cent, 


*U. S. Patent No. 2,241,369. 
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chromium—0.50 per cent, improve the room temperature tensile 
strength of the metal,* although to a certain extent reduce its low 
temperature impact resistance. This reduction, however, may not 
necessarily be below the minimum value of 20 foot-pounds at —175 
degrees Fahr. (—115 degrees Cent.) and thus may be tolerated. 
When nickel and molybdenum are properly balanced, the maximum 
carbon content may be raised to 0.10 and probably even to 0.15 per 
cent. 

6. Some representative castings, used in low temperature sery- 
ice, have been prepared using the chemical composition of (2) and 
the manufacturing technique of (3). Test pieces sectioned from 
them have shown physical properties which met minimum values 
specified in (4). Low temperature impact resistance exceeding the 
tentative specification minimum of 15 foot-pounds at —150 degrees 
Fahr. (—100 degrees Cent.) may thus be obtained commercially. 
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of Determining Critical Temperature of Impact Brittleness,” Journal 
of Technical Physics, U.S.S.R., Vol. IX, No. 12, 1939, p. 1091. 


DISCUSSION 


Written Discussion: By S. J. Rosenberg, metallurgist, United States 
Department of Commerce, National Bureau of Standards, Washington, D. C. 

The development of “tough” steels for use in castings is of considerable 
interest to industry and the data presented by Messrs. Ziegler and Northrup 
will assuredly be welcomed by the engineering profession. The differentiation 
between “tough” and “brittle” steels is not, however, a question of impact values 
only, and this fact is becoming generally recognized. 

The authors note that “it has been observed on numerous occasions that 
each steel assumes, at a certain low temperature, a ‘transitory status’, when it 
passes over from a ductile to a brittle state.” The location of this temperature 
range wherein the type of impact fracture changes from fibrous to granular and 
the energy absorbed in fracture ‘decreases markedly is, as has been pointed 
out by McAdam and Clyne,’ by Davidenkoff,? and by others, the best criterion 
of the tendency of metals to be “tough” or “brittle”. Under comparable con- 
ditions of test, the lower the “transition” temperature, the less apt is that steel 
to brittle failure. 

It is not surprising that the authors could find no correlation between 
what they termed the “transitory status” and any structural characteristics of 
the steel involved. This transition range from tough to brittle fracture can be 
found in any heat treatable steel under certain conditions of test. The tem- 
perature range in which this transition occurs is not a fixed range for any 
particular steel, but will vary with the test conditions. Increased depth of 
notch, increased velocity of blow, increased breadth of specimen, all act to 
cause the appearance of brittle fracture at higher test temperatures. 

The analysis of this problem (the change from tough to brittle fracture) 
as quoted by the authors from the work published by Davidenkoff appears 
incomplete. On the basis of data published by Kuntze, McAdam and Clyne’ 
give a readily understandable explanation of this phenomenon. Briefly, their 
view is as follows: 

The type of fracture and the amount of energy involved depend upon 
the relationship between two factors, namely, the resistance to fracture 
and the resistance to deformation. If the resistance to deformation is less 
than the resistance to fracture, failure will be accompanied by plastic flow 


*D. J. McAdam, Jr. and R. W. Clyne, “The Theory of Impact Testing: Influence of 
Temperature, Velocity of Deformation, and Form and Size of Specimen on Work of Defor- 
mation,” Proceedings, American Society for Testing Materials, Vol. 38, No. 2, 1938, p. 112. 

*N. N. Davidenkoff, “‘Allowable Working Stresses Under Impact,” Transactions, Ameri- 
can Society of Mechanical Engineers, Vol. 56, 1934, p. 97 
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and a relatively large amount of energy will be absorbed. If, however, the 
resistance to deformation is greater than the resistance to fracture, a brittle 
fracture will result, accompanied by a relatively small amount of energy, 
Both the resistance to fracture and the resistance to plastic deformation 
are increased as the temperature is decreased, but not at the same rate 
As the temperature is lowered, the resistance to plastic deformation jy 
most steels increases more rapidly than does the resistance to fracture 
At some temperatures, therefore, the resistance to fracture is approximately 
equal to the resistance to plastic deformation and the energy absorbed “ 
breaking may vary over a wide range, accompanied by corresponding 
changes in the type of fracture. At still lower temperatures, the resistance 
to fracture is less than the resistance to deformation and failure is there- 
fore accomplished with but little energy and the fracture is brittle. Factors 
other than temperature alone, such as increased velocity of deformation 
and increased spatial stress ratio, can also cause brittle failure. 

Although the use of the Charpy specimen with a keyhole notch is well 
established, the writer believes that the “V” notch, because of the increased 
intensity of stress, is better suited for differentiating between “tough” and 
“brittle” steel. The writer further believes that the adoption of an arbitrary 
impact value of 15 foot-pounds at a certain low temperature is not the proper 
method of evaluating the suitability of material for low-temperature service. 
Why 15 foot-pounds? Why not 10 or 20? As pointed out by McAdam and 
Clyne,’ individual impact values mean little. In order to properly evaluate the 
tendency of a steel towards cold brittleness, the impact-temperature curve 
should be determined and correlated with the type of fracture. For instance, 
under a specific set of test conditions, two steels may both meet the “specifica- 
tion” requirement of 15 foot-pounds at —150 degrees Fahr. (—100 degrees 
Cent.), yet the tendency towards failure from brittleness under service condi- 
tions may be markedly different in the two steels. Obviously, the steel which 
has the lesser tendency towards brittle failure would be more suitable and, 
quite possibly, the steel which has the greater tendency towards brittle failure 
may actually be dangerous to use. 


Oral Discussion 


G. F. Comstock :* It seems unfortunate that in this very interesting and 
valuable paper the authors have not told us the whole story. I think they 
should tell us more about the deoxidation practice and the slag practice which 
they state in the paper is of fundamental importance. It would be interesting 
to know whether the slag treatment they applied was oxidizing or not, and also, 
how much aluminum was used in the best steels, and how much in the other 
steels. 

If they are anxious to increase the strength without detriment to the low 
temperature impact values, I would like to suggest that an increase in manf- 
ganese should be investigated, and also an increase in the aluminum addition. 
A small titanium addition might also be helpful, for we have found that in 


2Metallurgist, The Titanium Alloy Manufacturing Co., Niagara Falls, N. Y. 
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steels of about 0.05 per cent carbon, deoxidized with 0.1 to 0.15 per cent 
aluminum, and forged, normalized, and annealed, the addition of about 0.1 per 
cent titanium raises the yield point, although higher amounts of titanium may 
decrease it markedly. 

It did not seem to me that there was anything surprising in the different 
properties they show in Fig. 12 for the heats made from punchings as com- 
pared with those made from pure iron, because if the compositions are averaged 
up among those two groups, they turn out to be very different. I do not exactly 
understand the statement that they were practically the same. It seems to me 
they were very different. 

For instance, in the punching heats, the average carbon content was 61 
per cent higher, the average silicon was 42 per cent higher, the average sulphur 
was 30 per cent higher, and the average manganese was 27 per cent higher 
than in the heats made with ingot iron. It seems to me those differences would 
be sufficient to account for marked differences in properties. 

In regard to the structures, I would like to suggest that the authors look 
into the question of possible oxidation of their polished surfaces. The structure 
of the heats made with punchings looks very suspiciously like some of the 
things we have when we get slight rusting of the polished surfaces, and it may 
very likely be that, on account of the higher impurities in the steels made with 
the punchings, as compared with ingot iron, the specimens would be more apt 
to show some slight corrosion after polishing and etching, and give that differ- 
ent appearance. 

A. P. Gacnesin :* I have not had an opportunity to study this paper, but 
it is gratifying to me that Mr. Ziegler’s results and ours check so well. 

One point that I question somewhat has already been discussed by Mr. 
Comstock and concerns the difference in toughness between steels produced 
with commercial scrap and Armco iron. We have not found that the base 
material had a marked effect on impact resistance. 

The proper carbon level for steels to be used at low temperatures is, of 
course, partly a matter of opinion and perhaps Mr. Ziegler is more conservative 
than we are. While 0.05 per cent carbon is commendable from the viewpoint 
of toughness, it is difficult to produce commercially and we think that properly 
made steels, containing 0.10 to 0.12 per cent carbon, have adequate toughness 
for their safe use at —150 degrees Fahr. (—100 degrees Cent.). 

A. V. pe Forest:* I think this would be a very opportune moment to 
face the real problem involved, that is, how sharp a notch is the design going 
to call for? We can produce a notch condition by changing the sharpness of 
the notch and the size of the specimen, as we have heard remarked upon many 
times, so that the transition temperature comes anywhere you want to put it. 
That means that in the final product, it is up to the engineer to decide how 
sharp a notch he would prefer to have in the part. 

If he will then decide how sharp the notch is, the metallurgist can easily 
provide him with the material that will meet the specifications he wants. 
Otherwise, the whole point falls to the ground. 


‘Research Laboratory, The International Nickel Co., Inc., Bayonne, N. 


+ dee of mechanical engineering, Massachusetts Institute of Technology, Cam- 
dge ass. 
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S. J. Rosenperc:* I would like to say a few words about the notch 
effect. In making impact tests on notched bars, we are not merely testing the 
effect of the notch as such; what we are really testing is the effect of the 
spatial stress ratio caused by that notch upon the type of fracture. Almost 
any material will fracture in a brittle fashion if it is so notched or so stressed 
as to cause the presence of a certain amount of three-dimensional stress. The 
purpose of impact tests of notched bars is to determine the relative susceptibility 
of material to brittle fracture, and the notch is merely a convenient method of 
securing a certain degree of three-dimensional stress so as to accentuate the 
tendency toward that type of fracture. 

I. A. Rouric:" Mr. Ziegler’s paper offers a very interesting approach to 
the problem of why there should be these variables in notch toughness, and | 
believe with Mr. Comstock that it would be interesting to know how in the 
melting process it would be possible to produce successive heats of steel that 
could be expected to have correspondingly identical notch toughness or impact 
toughness, or whatever we choose to call it. 

The discussion of the three papers presented this morning has centered a 
great deal on the type of notch employed, and that will no doubt be a peren- 
nial source of argument. It seems improbable, as mentioned, that in design, 
notches would be such as those encountered in the Izod V notch. We can 
appreciate the keyhole conditions being present, but I wonder if materials in 
service are subjected to stresses such as those imposed upon either one of 
these types of specimens, and that therefore the true impact strength of a 
specific material might be more accurately determined by means of the tensile 
impact specimen, in which case we would not have to worry about notch effects. 


Authors’ Reply 


The authors wish to express their thanks to all who cared to contribute 
discussions to their paper. Mr. Rosenberg’s remarks are particularly con- 
structive in clarifying certain factors of the phenomenon of low temperature 
embrittlement. We quite agree with Messrs. Rosenberg, de Forest and Rohrig 
that there is much to be learned regarding the “tough” versus “brittle” state 
in ferritic steels and the fundamental principles of notch sensitivity. However, 
the subject of this investigation did not include any research on impact testing 
as such. Our problem was to develop an inexpensive steel to meet the specifica- 
tion of 15 foot-pounds Charpy at —150 degrees Fahr. (—100 degrees Cent.), 
and we believe that our work has solved this problem. We are not prepared 
to criticize this specification: It may well be that the “V” notch may be 
preferable to the “keyhole” notch, or that 15 foot-pounds is too low or an 
unnecessarily high figure. This, however, is beyond the scope of our investiga- 
tion. If the specification is changed, we shall be glad to retest our compositions 
in terms of Izod values or in terms of Charpy with “V” notch specimens. 
The absolute results, no doubt, will be quite different, but the relative positions 
of points and curves on our charts, we believe, will be very much the same. 


*Metallurgist, United States Department of Commerce, National Bureau of Standards, 
Washington, b. Cc 


TResearch engineer, Detroit Edison Co., Detroit. 
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Any specification has meaning only when the service conditions are taken 
into consideration. We have been asked: “Would it be possible to use gray 
iron at extremely low temperatures?” The answer is “Yes”. Gray iron, even 
at room temperature, has practically zero impact resistance in terms of Charpy 
or Izod tests. Hence, at sub-zero temperatures it cannot be much more brittle. 
At the same time gray iron has a very wide field of application at normal 
temperatures and there is no reason why, under similar circumstances, it should 
not be used at low temperatures with the proper design. On the other hand, 
at normal temperatures, steels are used for such applications when gray iron 
is too weak or too brittle. Likewise, at sub-zero temperatures, something better 
than gray iron should be offered when strength and resistance to shock become 
essential. The only complication which is introduced at sub-zero temperatures 
is that, as far as the resistance to shock is concerned, many ferritic steels have 
become nearly as brittle as cast iron. Our problem thus was to develop some- 
thing that, when tested by the specified method, would not indicate excessive 
brittleness. 

This also answers Mr. Gagnebin’s remarks: It may well be that steels with 
0.10 per cent and perhaps even higher carbon may “have adequate toughness 
for their safe use at —150 degrees Fahr. (—100 degrees Cent.).” However, 
to our own satisfaction we have proved that in order to get consistent results 
of 15 foot-pounds Charpy at —150 degrees Fahr. (—100 degrees Cent.), carbon 
has to be reduced to 0.05 per cent, nickel has to be adjusted at 3.5 to 4.0 per 
cent, and a high purity of the metal has to be preserved. We agree that such 

steel is more difficult to produce commercially, but we have tried it and, 
without any particular trouble, have achieved a fair degree of success. 

Replying to Mr. Comstock’s remarks, our melting practice consists of 
melting and superheating the ingot iron and nickel to about 3200 to 3300 de- 
grees Fahr. (1760 to 1815 degrees Cent.), in a magnesium-lined furnace. After 
that, lime is introduced to the surface of the molten metal and allowed to become 
About 10 minutes thereafter, when the lime 
slag is thoroughly impregnated with iron oxide, the slag is removed and a 
mixture consisting of burnt lime, spar and ferrosilicon is added to the molten 

The function of this latter slag is to facilitate the further scavenging 
i the bath. The electrical power input to the furnace during this time is kept 
low in order to allow the slag to completely cover the metal. After about 
another 10 minutes the second slag is removed and ferrosilicon, ferromanganese 
and alloying elements (if any) are added to the charge, and the entire melt is 
then brought to the desired pouring temperature of about 3100 degrees Fahr. 
1705 degrees Cent.). Additional small amounts of ferrosilicon and ferro- 
manganese, as well as some aluminum, are placed in the ladle before the furnace 
is tapped. The metal is poured at a relatively low temperature and during the 
pouring of each mold small pieces of aluminum are thrown in the ladle. 

Mr. Comstock’s suggestions of increasing manganese, adding higher alumi- 
num, some titanium or some chromium have been tried without much success. 
Higher aluminum and titanium seem to be quite ineffective. Chromium, as 
well as molybdenum and vanadium, as is pointed out in the paper, improves the 


tensile 


le strength and yield point, but at the same time reduces the low tempera- 
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ture impact resistance. Briefly, we have found out that any alloying elemen 
which raises the strength, at the same time reduces the low temperature impact 
resistance. This reduction in the impact resistance, however, may not neces. 
sarily be sufficiently strong to prohibit such a practice. As has been pointed 
out in the paper, our basic steel has such a high impact resistance even a; 
—175 degrees Fahr. (—115 degrees Cent.), that part of it, if necessary, may 
well be sacrificed for the benefit of improved strength, and yet maintain the 
impact resistance well above the minimum of 15 foot-pounds Charpy. 

We are willing to agree with Mr. Comstock that it is the general high 
purity of ingot iron heats which makes them superior to scrap heats. Hoy 
ever, we still do not know which element is the bad actor. Some of our ingot 
iron melts had even higher total percentage of foreign ingredients than the 
“punching” heats (Table of Fig. 12), and yet their impact resistance wa; 
far superior. One thing we are certain of, and that is that the inclusions of 
Fig. 14 are true inclusions and not rust spots as Mr. Comstock suggests 
They stay in their places on repeated polishing operations and respond t 
carbide etch. In fact, we would be willing to admit that they are carbides, ii 
the chemical analysis would show higher carbon content. As it is, we doult 
that 0.05 to 0.06 per cent carbon (as shown in the table, Fig. 12) justifies suc! 
an assumption in view of the abundance of these inclusions in the structur: 


of Fig. 14. 





THE CYCLIC TEMPERATURE ACCELERATION OF 
STRAIN IN HEAT RESISTING ALLOYS 


By G. R. Bropuy Aanp D. E. FurMAN 


Abstract 


If, during creep tests of heat resisting alloys in the 
vicinity of 1800 degrees Fahr. (980 degrees Cent.), the 
temperature fluctuates, the strain rate will be seriously 
accelerated. The acceleration is increased as the tem- 
perature level, the width of the cycle and the applied 
stress increase. Many failures of high temperature equip- 
ment may be attributed to this effect, which has been 
analyzed and found to have its source in constrictive forces 
exerted by the outer layer on the core as a result of a tem- 
perature gradient which is set up during rapid cooling. 
Such factors as friction and inertia of the test equipment, 
and disturbance of the extensometer system were elimi- 
nated as possible contributing causes. 


INTRODUCTION 


HE application of heat resisting alloys in high temperature 

service has been based upon design data obtained from labora- 
tory creep tests conducted under constant applied stress and more 
or less constant temperature. In testing and design, the assumption 
has been made that, at any given stress, strain is accelerated by a 
rise of temperature and, conversely, that a reduction of temperature 
decreases the strain rate. These have been accepted almost as 
axiomatic. It is possible, as a result, that some of the discrepancies 
between laboratory tests under presumably identical conditions and 
some service failures may stem from these logical assumptions. 

Since service involves rapid heating and cooling quite as fre- 
quently as constant temperature or low rates of temperature change, 
it was decided to determine whether or not the assumptions were 
correct when heat resisting alloys were stressed at high temperatures. 
The work was started in our laboratory a number of years ago by 


A paper presented before the Twenty-third Annual Convention of the Soci- 
ety held in Philadelphia, October 20 to 24, 1941. The authors, G. R. Brophy 
and D. E. Furman, are associated with the research laboratory, The Inter- 
national Nickel Co., Inc., Bayonne, N. J. Manuscript received June 16, 1941. 

1115 





1116 TRANSACTIONS OF THE A. S. M. December 


E. M. Wise and J. T. Gow who demonstrated that fluctuating tem- 
perature in the vicinity of 1800 degrees Fahr. (980 degrees Cent.) 
greatly accelerated strain rates. The alloys studied at that time coy- 
ered the range of composition; nickel from 10 to 60 per cent, chro- 
mium from 17 to 26 per cent and carbon from 0.06 to 0.50 per cent, 
Rates were found to be increased from 10 to 100-fold. 

More recently the study was resumed and the effect confirmed. 
The present report deals with these experiments and the analysis of 
the phenomenon. 


MATERIALS STUDIED 


The alloys studied were of two types and the compositions are 
as follows: 


— Composition. 
Type Carbon Nickel Chromium Silicon Manganese Columbium Source 
25/20 0.39 19.44 24.00 0.51 0.75 2.43 Laboratory 


18/8 0.13 8.73 17.63 0.46 0.71 2.08 — Laboratory 
18/8 0.07 10.12 ee eS ae Commercial 

The laboratory steels were the product of a 30-pound high fre- 
quency furnace, cast into 4-inch ingots: which were forged to 34-inch 
bars. These were oil quenched from 2000 degrees Fahr. (1095 de- 
grees Cent.) and machined to test bars. 

The commercial steel tested was in the form of a seamless drawn 
tube 0.375 inch outside diameter by 0.065 inch wall. 

Procedure—tThe test bar used is 3% inch diameter and 39 inches 
long with a gage length of 4 inches. Its upper end is fastened to a 
clevis block mounted on knife edges on the load lever. The lower 
fixed end is connected to the heavy base plate of the frame by means 
of a nut and large washers. The hole in the base plate, through 
which the bar extends, is sufficiently large to permit the bar to swing 
to a plumb position for alignment. Because of its length and small 
section, axial loading is insured, even though the bar be bent initially. 
This arrangement has proven superior to one involving universal 
joints and short bars, because the effects of shock and _ building 
vibrations are rendered but transitory. 

Gradient thermocouples are fastened to the test bar at the ends 
of the gage length and a third control couple is fastened at the center 
of the gage length. 

The extension of the gage length is transferred outside the fur- 
nace by parallel %4-inch Nichrome V rods fastened to rings at the 
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ends of the gage length. Each ring is secured to the test specimen 
by means of three pointed alloy screws set at 120 degrees. The test 
bar assembly, shown in Fig. 1, provides for daily measurement and 
adjustment, if necessary, of the temperature gradient, as well as 
nearly complete compensation for temperature fluctuations due to 


| &§ 


control. 


Extensometer 
Rods 


ow 





Fig. 1—Creep Test 
Bar with Extensometer 
in Place. The Exten- 
someter Rods Are Fas- 
tened to the Rings at 
Each End of the Gage 
Length. 


Extension measurements are made with a 1/10,000 dial gage 
fastened to an Invar back in which is machined a Vee groove parallel 
to the gage spindle, Fig. 2. When taking readings the gage is placed 
in position with the Vee guide in contact with the specimen and slid 
down until a fixed point in the back is in contact with one gage rod 
and the spindle with the other. The gage is then rotated to right 
and left and the maximum reading obtained is used. Readings are 
taken to the nearest 0.00005 inch which for the 4-inch gage length 
is 0.000012 inch per inch. 
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A single test bar is contained in a furnace which consists of an 
alundum tube 13 inch bore, 3g inch wall and 15 inches long, induc. 
tively wound with No. 16 Nichrome V wire. The winding is con- 
tinuous but is concentrated at the ends to compensate largely for 


Fig. 2—Dial Gage Used for Measuring Extensions. The Gage, 
Graduated in 0.0001 Inch, is Mounted on an Invar Vee-back Which is 
Placed in Contact With the Specimen When Measurements are Made. 


heat drain. Referring to Fig. 3, the three sections of the winding are 
designated as C,, C, and C,. C, consists of 9 turns uniformly spaced 
over 1% inches; C, is 26 turns uniformly spaced over 10% inches; 
and C, is 12 turns over 1% inches. The entire winding is cemented 
to the tube. Taps to the winding are provided at the ends of the 
three sections thus formed for necessary electrical connections and 
attachment of parallel resistances for gradient control. The wound 
tube is inserted in an Inconel shell 614 inches in diameter with end 
closures of %-inch transite board and the space between filled with 
fine alumina for insulation. 

Variable resistors rated at 6.4 amperes and 10.5 ohms and a 
fixed resistance R, of 7.3 ohms are used as shown. Power is sup- 
plied at 120 volts, 60 cycle through a variable autotransformer pro- 
vided with a 90 per cent tap, so that high or lower power can be 
supplied as needed. Temperatures are maintained by photo-electric 
type controllers. 

The equipment is enclosed and free from draught. The tem- 
perature within the enclosure is not controlled but remains within a 
few degrees of 90 degrees Fahr. (30 degrees Cent.) except in the 
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hottest weather. Such variations as do occur are slow and therefore 
are without influence. 

Furnace temperatures are measured with a portable precision 
potentiometer on which readings can be estimated to 1/400 millivolt 
(0.4 degrees Fahr.). The measured gradients over the test section 
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Auto Transformer 


Fig. 3—Detailed Drawing of Creep Fur- 
nace and Wiring Diagram. 


do not exceed 1 degree Fahr. and the fluctuation due to control 
does not exceed 2 degrees Fahr. 

Tests were run at 1800 degrees Fahr. (980 degrees Cent.) and 
under constant stress for a sufficient time to establish a reasonably 
constant rate of extension. Then, without changing the applied 
stress, the temperature was lowered to some predetermined tempera- 
ture, usually 1600 degrees Fahr. (870 degrees Cent.), and then re- 
stored to 1800 degrees Fahr. (980 degrees Cent.). Extension read- 
ings were taken after the completed cycle. This procedure was typical 
but numerous variations were employed to aid in the analysis. 


RESULTS 


2 The results of a number of experiments conducted on both the 
25/20 and 18/8 alloys are presented graphically in Figs. 4 and 5 
and details of the experiments with references to the points indicated 
are given in Tables I and II. These demonstrate that temperature 
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Fig. 4—Preliminary Experiments Conducted on the 25/20 Alloy. For Experi- 
mental Details Refer to Table I. These Experiments Were Performed at the End 
of a 2325-Hour Creep Test at 1800 Degrees Fahr. and 750 Pounds per Square Inch. 
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Fig. 5—Some of the Experiments Conducted on 


the 18/8 Alloy. For Experimental Details Refer to 
Table II. 


cycling from 1800 degrees Fahr. (980 degrees Cent.) to lower tem- 
peratures causes an acceleration of creep rate which may amount to 
a seventy-fold increase. Thus the findings of Wise and Gow were 
confirmed. 

Furthermore, as shown in Fig. 4, points L to O, it-was found 
that as the maximum temperature of the cycle approached 1700 
degrees Fahr. (925 degrees Cent.) in the 25/20 alloy the effect de- 
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Table I 
Experiments Conducted on 25/20 + 2 Per Cent Columbium Alloy 


Reference Explanation 
to Fig. 4 
Normal average creep curve, 1800 degrees Fahr. and 750 pounds per square 
inch after 2150 hours 
Cycle to 500 degrees Fahr. 
Constant temperature, 1800 degrees Fahr. 
Cycle to 430 degrees Fahr. 
Constant temperature, 1800 degrees Fahr. 
Cycle to 1610 degrees Fahr. 
Constant temperature, 1800 degrees Fahr. 
Cycle to 1690 degrees Fahr. 
Constant temperature, 1800 degrees Fahr. 
Test temperature dropped to 1700 degrees Fahr. 
Constant temperature, 1700 degrees Fahr. 
Cycle to 1000 degrees Fahr. 
Temperature raised to 1800 degrees Fahr. 
Stress cycled—750 to 165 to 750 pounds per square inch 





creased almost to the vanishing point; and, that the total deforma- 
tions resulting from cycles on the same alloy from 1800 to 430, 1610 
and 1690 degrees Fahr. (980 to 220, 875 and 910 degrees Cent.) 
decreased (Fig. 6) as the minimum temperature increased. There- 
fore, the magnitude of the increase in strain decreases as the maxi- 
mum temperature and the temperature interval through which cycling 
occurs decreases. 

Fig. 7 shows on an enlarged scale, a typical curve resulting from 
two consecutive cycles to 1600 degrees Fahr. (870 degrees Cent.) 
on the 18/8 type alloy when measurements are taken before and 
after temperature cycling. This curve is representative of the form 
of deformation produced in both alloys by temperature cycling, and 





Table Il 
Experiments Conducted on 18/8 + 2 Per Cent Columbium Alloy 


Reference Explanation 
to Fig. 5 


A-B Normal creep curve, 1800 degrees Fahr. and 300 pounds per square inch 
Cycle to 1588 degrees Fahr. Reading at 1588 degrees Fahr. 
Reheated to 1800 degrees Fahr. 
Constant temperature, 1800 degrees Fahr. 
Lever — and weights hung on specimen to give 300 pounds per square 
inc 
Constant temperature, 1800 degrees Fahr. 
Cycle to 1607 degrees Fahr. Reading at 1607 degrees Fahr. 
Reheated to 1800 degrees Fahr. 
Cycle to 1600 degrees Fahr. 
Cycle to 1360 degrees Fahr. 
Constant temperature, 1800 degrees Fahr. 
Stress increased to 500 pounds per square inch for 17 minutes 
Constant temperature, 1800 degrees Fahr. 
Four cycles to 1600 degrees Fahr. 
Constant temperature, 1800 degrees Fahr. 
Compression spring installed, load applied through lever 
Cycle to 1600 degrees Fahr. 
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Fig. 6—The Influence of the Temperature Cycling Interval on the Mag 
nitude of the Total Deformations Produced in the 25/20 Alloy. 
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Fig. 7—Typical Form of Deformation Caused by 


Two Consecutive Temperature Cycles to 1600 Degrees 
Fahr. in the 18/8 Alloy. 


consists of an immediate initial increase in length followed by 2 
' secondary deformation at a continually decreasing rate when the test 
temperature is held constant at 1800 degrees Fahr. (980 degrees 
Cent.). Maintaining the constant test temperature for a period of 
several hours reduces this rate still more, until the normal creep 
rate is resumed. 
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The results obtained on the 25/20 alloy for two rates of cooling 
are compared with the calculated reading changes with temperature 
in Fig. 8. “When the specimen was cooled at a rate of 3.5 degrees 
Fahr. per minute, and controlled at the temperatures indicated 
in Fig. 8, an extension occurred which increased as cooling 
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Fig. 8—The Effect of Two Rates of Cooling in Producing Extension in the 
25/20 Alloy. Note that Extension Occurs Only at the Higher Rate. 


proceeded, as shown by the differences between the calculated and 
observed values. Although readings could not be conveniently taken 
during reheating to 1800 degrees Fahr. (980 degrees Cent.), the 
reading taken several hours later showed that a final extension of 
0.000112-inch per inch had occurred. The fact that the probable 
slope of the heating curve is somewhat steeper than that calculated 
would indicate that deformation occurred on cooling only, some of 
which was recoverable, and that no further extension resulted during 
reheating, other than normal thermal expansion. This same bar, 
when cooled at approximately 0.3 degrees Fahr. per minute to 1760 
degrees Fahr. (960 degrees Cent.), and reheated at 3.0 degrees Fahr. 
per minute to 1800 degrees Fahr. (980 degrees Cent.) gave no 
deformation, but when again cooled at 3.5 degrees Fahr. per minute, 
but this time to only 1760 degrees Fahr. (960 degrees Cent.), and 


then reheated as before, an extension of 0.000025-inch per inch was 
measured. 
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Fig. 9—The Influence of Applied Stress on the Magnitudes 
of the erotal Deformations in the 18/8 Alloy Caused by Tem- 
peratures Cycling to 1600 Degrees Fahr. Note the Extension 
During Cooling is Greater Than After the Complete Cycle. 


The magnitude of the permanent deformations produced in the 
18/8 alloy by cycling to 1600 degrees Fahr. (870 degrees Cent.) were 
found to be affected by the value of the applied stress (Fig. 9). 
Cycling with a stress of 300 pounds per square inch gave an average 
initial increase of 0.000065-inch per inch, while 200 pounds per 
square inch gave a smaller initial increase of 0.000025-inch per inch; 
and cycling with no externally applied load produced no initial in- 
crease in deformation, although a small extension was measured 
after 17 hours at 1800 degrees Fahr. (980 degrees Cent.). This 
extension, 0.000025-inch per inch, agreed approximately with the 
secondary deformation per cycle found for both the 300 and 200 
pounds per square inch experiments. Applied stress then is a third 
factor which, together with the temperature level and cycle interval. 
determines the magnitude of the effect. 

It was also noticed in these experiments that the extension 
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measured at the end of the temperature cycle (initial extension) 
was smaller than that measured while the temperature was approach- 
ing the low point of the cycle. At this point, the extensions were 
0.000175-inch per inch for 300 pounds per square inch; 0.000125- 
inch per inch for the 200 pounds per square inch stress ; and 0.000175- 
inch per inch for no applied stress, after which the extensions de- 
creased upon reheating to 1800 degrees Fahr. (980 degrees Cent.) 
to those reported as initial (Fig. 9). In the case of no applied stress 
then the deformation was but transient. 

There are three possible explanations for the effects noted in 
these experiments; first, that the temperature cycling disturbed 
permanently the extensometer system to give an apparent increase 
in extension; second, that during cooling, which would reverse the 
direction of test load movement, inertia and friction forces were 
added to the applied load to cause the effect ; and third, that tempera- 
ture gradients were formed within the test bar during rapid cooling 
which would generate additional internal forces. These were in- 
vestigated. 


EXTENSOMETER SYSTEM 


As a check on the possibility that the extensometer system was 
upset and therefore did not represent the true length changes in the 
bar, a dial gage was mounted in contact with the load end of the 
lever, and an additional series of cycles to 1600 degrees Fahr. (870 
degrees Cent.) were run. Fig. 10 shows graphically the results ob- 
tained by both the extensometer and the lever dial gage methods of 
measuring deformation. 

As the thermal expansion and contraction of the bar resulting 
irom the normal temperature control caused the lever, at the point 
of measurement, to vary as much as 0.006 to 0.008 inch, the readings 
plotted are averages for values taken every 30 seconds for 15 to 20- 
minute periods. The reason for the displacement of the lever dial 
gage curve from that obtained by the extensometer, is that the 
length changes measured were those occurring over the entire length 


of the bar as compared to the 4-inch gage length measured by the 
extensometer. 


The increased deformations following temperature cycling were 
taithfully indicated by both means of measuring, so it was evident 
that actual extensions of the specimen did occur. 
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Fig. 10—Comparison of Extension Readings Obtained Simultane- 
ously by the Usual Extensometer Method and by a Check Method 


Employing a 0.001-Inch Dial Gage at the Load End of the Loading 
Lever. 


FRICTION AND INERTIA OF LOADING LEVER 





In order to measure any increased stress from friction and 
inertia on the 18/8 alloy specimen, a calibrated compression spring 
was installed at the bottom of the bar and in contact with the frame 
of the testing machine so that the entire load on the specimen was 
resisted by the spring. A 0.001-inch dial gage was used to measure 
any change in spring length. The temperature was cycled to 1230 
degrees Fahr. (665 degrees Cent.), and throughout cooling, the 
spring compressed at a slow, continually decreasing rate until a maxi- 
mum compression, equivalent to 1.7 pounds, or an additional stress 
of 15.4 pounds per square inch was imposed on the bar. 

It had been determined from the log of stress-log creep rate 
curves that to obtain a rate equal to that obtained during temperature 
cycling in the 18/8 + columbium alloy, it would be necessary to in- 
crease the stress in the bar by 66 per cent or from 300 to 500 pounds 
per square inch. Therefore, at N (Fig. 5) the load on the 18/8 + 
Cb bar was increased to 500 pounds per square inch with the tem- 
perature held constant at 1800 degrees Fahr. (980 degrees Cent.). 
The resulting rate of creep was increased to 20 per cent, which agrees 
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rather well with the 17 to 18 per cent rate resulting from tempera- 
ture cycling. 

Therefore, the increased load and stress measured as resulting 
from both friction and inertia is entirely too low to account for the 
increased rate of creep caused by temperature cycling. But, to ob- 
tain complete confirmation, the possibility of friction and inertia of 
the loading lever as a cause was removed entirely by blocking the 
lever and hanging weights directly from the bar to give a stress of 
300 pounds per square inch. Now, the only extra load that would 
act on the specimen would be the inertia force produced by the 
weights alone. As the acceleration was extremely small, the inertia 
force would be negligible, and as cycling to 1600 degrees Fahr. (870 
degrees Cent.), under these conditions, still produced the full increase 
in deformation (Table II, Fig. 5—points F to M), the idea of fric- 
tion or inertia of the loading system as a possible source of in- 
creased stress was eliminated. 


THERMAL STRESSES 


The possibility of temperature gradients setting up stress was 


the only remaining one. By substituting a thin-walled tube for the 
solid bar the temperature gradient could be reduced to a! minimum 
and the effect, therefore, reduced or eliminated if the gradient be the 
cause. A specimen of commercial 18/8 seamless tubing, 0.375 inch 
outside diameter by 0.065 inch wall thickness, was used to test the 
validity of this assumption. 

The specimen was tested at 1800 degrees Fahr. (980 degrees 
Cent.) under a stress of 200 pounds per square inch to keep the 
normal creep rate within bounds. Immediately following the appli- 
cation of load, a shrinkage possibly caused by carbide precipitation 
occurred. Within 5 hours, this phase was passed and the bar ex- 
tended in a normal manner (Fig. 11). 

A single cycle to 1600 degrees Fahr. (870 degrees Cent.) was 
run with no increase in deformation noted during cooling. Instead, 
a decrease in length of 0.000012-inch per inch was measured. As 
the normal creep curve was resumed after 20 hours at 1800 degrees 
Fahr. (980 degrees Cent.), this decrease was thought to be in error. 

A series of three complete cycles was next run and this time 
there was no doubt in the measured decrease in length of 0.00005- 
inch per inch obtained. As previously and in contrast to the response 
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Fig. 11—The Effect of Temperature Cycling to 1600 
Degrees Fahr. on a Tubular Specimen Made From Com- 
mercial 18/8 Seamless Tubing. Instead of Extending, the 
Tubular Specimen Contracts. This is the Normal Result of 
Carbide Precipitation Which Predominates in the Absence 
of Temperature Gradients and Core Material. 


of a solid bar no extension was measured during cooling. A recovery 
period of at least 65 hours at constant test temperature was required, 
however, to resume the normal creep rate, during which time the 
specimen was extending at an increased rate. A repetition of this 
experiment produced a similar shrinkage but less time was required 
to return to equilibrium. Further repetition at a later stage, after 
greater total strain and after precipitation was complete, probably 
would produce only instantaneous and faithful length response to 
temperature changes. 

The results of this series of experiments combined with the fact 
that slow cooling of a solid bar reduced the effect to the vanishing 
point, quite convincingly demonstrate that temperature gradients 
formed during moderately rapid cooling are directly responsible for 
the accelerated rate of creep found during temperature cycling. 


DISCUSSION 


The preliminary experiments conducted during this study simply 
serve to confirm the existence of the Wise-Gow effect which 1s 
manifest by a greatly accelerated creep rate in heat resisting alloys 
when subjected to a sufficient applied stress and fluctuating high 
temperatures. The effect is believed to have its source in a stress 
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generated within a solid test bar as the result of a transverse thermal 
gradient produced during moderately rapid cooling. The materials 
tested are of low thermal conductivity so that during cooling the 
surface should lose heat more rapidly than the central portions. There 
would then be a tendency for the surface material to contract on the 
hotter, more plastic core and exert a squeezing action on it to pro- 
duce an extension dependent upon the rate of cooling. This is be- 
lieved to be the mechanism producing the effect. It is probable that 
the force exerted on the core by this action would be dependent upon 
the diameter of the bar and the gradient produced therein. Obviously 
the stress induced in the 0.375-inch diameter 18/8 alloy specimen, 
even in the absence of an applied load, was sufficient to cause plastic 
deformation equal to the expected shrinkage which accompanies 
carbide precipitation. The plastic deformation measured following 
temperature cycling will then depend upon the sum of the applied 
and thermal stresses. 

The continuation of the deformation for several hours following 
temperature cycling, that is, after normal test conditions are resumed, 
may be attributed possibly to the resolution of the precipitate which 
had been thrown out during cooling, although the time seems in- 
ordinately long. The recovery period found after témperature 
cycling in the case of the tube and the constancy of the secondary 
extension in solid bars is the basis for this thought. 

The degree of acceleration of creep rate can be expected to be 
lower as the normal test temperature is lowered because of the 
tendency for reduced thermal gradients and the increasing rigidity 
and precipitation strengthening of the core. At and below 1700 
degrees Fahr. (925 degrees Cent.), and at the stresses used, the 
effect is eliminated, or at least reduced, to the point where the 
sensitivity of measurement was insufficient to detect it after but a 
few cycles. Whether this would be detectable after numerous cycles 
was not determined. Neither was it determined that the effect would 
not be measurable at a higher stress below 1700 degrees Fahr. (925 
degrees Cent.). This, however, is a good possibility since it was 
demonstrated that the magnitude is dependent upon the stress at 
1800 degrees Fahr. (980 degrees Cent.). 

The effect is important from the testing point of view, for it 
may be the source of the disagreement between high temperature test 
results from different laboratories and lead to erroneous evaluation 
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of alloys. It emphasizes the need for closer temperature control for 
high temperature tests than for low temperature tests since the effect 
is not found in the latter. On the other hand, can it be said that a 
broad temperature control cycle is without influence even at the low . 
temperatures? Commercially, it is important because many parts of 
modern heat treating equipment are subject to repeated violently 
fluctuating temperatures. This may be the cause, for instance, of 
rapid stretching of conveyors and the excessive warping of hearths 
and other heavy section parts. Removal of excess metal while still 
maintaining section rigidity should improve the performance of the 
alloys used. 


SUMMARY 


The normal creep rate of heat resisting alloys may be greatly 
accelerated as a result of repeated temperature cycling. The mag- 
nitude of the increase is dependent upon three factors—the tempera- 
ture level; the width of the cycle, and the applied stress. The 
acceleration has its source in stresses which are generated by trans- 
verse thermal gradients set up in rapidly cooled sections. While the 
condition is exaggerated by the low thermal conductivity of the 
alloys studied, and at the higher temperatures, and possibly in cer- 
tain undetermined critical sizes, it may not be entirely absent in the 
higher conductivity ferritic alloys at lower temperatures, if the 
stimulus is repeated sufficiently. 
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DISCUSSION 


Written Discussion: By Howard S. Avery, research metallurgist, the 
American Brake Shoe and Foundry Co., Mahwah, N. J. 

The existence and magnitude of the strain acceleration by cyclic heating 
described has been confirmed frequently in tests at Massachusetts Institute of 
Technology and at the metallurgical laboratory of the American Brake Shoe 
and Foundry Co. for cast alloys of the 26 per cent chromium-12 per cent nickel 
and 16 per cent chromium-35 per cent nickel type. 

As the authors indicate, the effect is important as a variable in creep test- 
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ing and, if valid and reproducible data are to be obtained in high temperature 
work, the attendant pyrometric practice must receive constant critical attention. 
The magnitude of the error introduced by an insensitive control that permitted 
cyclic temperature changes approximately within the £10 degrees Fahr. toler- 
ance of the A.S.T.M. creep testing code (E22-38T) is shown in Table A where 


Table A 
Effect of Cyclic Heating on Creep Rate 


hemical Analysis, Per Cent————_—__——_—__, 
No. Carbon Manganese Silicon Nickel Chromium Nitrogen 


CH518 0.32 0.46 0.45 41.5 25.9 0.16 


Stress Temp. Duration Rate Total Elong. 
No. p.S.i. "3 Hours %/Hr. % Remarks 
8 3000 1800 440 0.0025 4 Std. Test 
9 3000 1800 530 0.0039 : , Std. Test 
20 3000 1800 221 0.0260 sa €2) Cyclic (2) 





(1) Residual Properties at Room Temperature 
Tensile Strength Elongation Reduction Area 
p.-s.i. Per Cent Per Cent 
64,500 4.5 7.9 
(2) Temperature varied from + 7 to 12 degrees Fahr. about 1800 degrees Fahr. 
(980 degrees Cent.) in 5.4 to 8 minute cycles. 
*Broke during creep test. 








a ten-fold increase in creep rate accompanies the fluctuating temperature. The 
reported minimum creep rates were measured by telengiscope observation of 
platinum alloy reference devices welded to the specimen. 

Where creep data are used as a basis for design stresses large safety 
factors for cyclic service are imperative. Typical examples are given in Table 
B where it appears that a safety factor of at least 10 is required because of the 
higher creep rate caused by the 48-hour cycle. The cooling rate was_controlled 
at about 1.2 degrees Fahr. per minute. 

Increased ductility is another factor that seems associated with greater 
creep under cyclic conditions. The cyclic test in Table A was discontinued 
after its total deformation had exceeded that of either of the duplicate standard 
(constant temperature) tests. Despite greater creep it exhibited appreciable 
residual ductility at room temperature, while the standard tests broke during 
the creep test. 

This trend is substantiated by the data in Table B where all the cyclic 
tests possess greater residual ductility than the standard tests for comparable 
time intervals. 

It is suggested that structural changes be considered as another explanation 
of these higher creep rates. Fig. A indicates a distinct difference in fine car- 
bide habit for two of the specimens from Table B. The cyclic history seems 
to have caused perceptible agglomeration of the fine carbides that have an 
important influence on the high temperature strength of austenitic alloys. This 
trend has been noted with a number of compositions. Spheroidization of a 
fine precipitate would account for both lower strength and greater ductility 
of the material. It may be significant that when an accidental temperature 
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Fig. A—Carbide Agglomeration Associated with Cyclic Creep Tests. x 4000. 


Fine Carbides after Standard Creep || Fine Carbides after Cyclic Creep Test. 


Test. Load: 3000 p.s.i. Min. Rate: 0.00003% || Load: 1000 p.s.i. Min. Rate: 0.00037% per 


per Hr. Temp.: 1800° F. Residual Elong.: | Hr. Temp.: 1800° F. Residual Elong.: 
3.0%. | 6.0%. 


Heat =A Chemical Analysis, Per Cent————————————_, 

No. Carbon Manganese Silicon Nickel Chromium Nitrogen 

CT5 0.49 1.08 0.74 12.5 27.0 0.12 
Etchant: Hot alkaline potassium ferricyanide 





Table B 
Comparison of Cyclic and Standard 
Creep Tests at 1800 Degrees Fahr. (980 Degrees Cent.) 





Creep Characteristics at 1800 

a —Derrees Fahr.———___, 

Chemical Analysis Min. Rate Residual 

Heat P Cycle Stress Duration Per Cent Elong 
No. M i i ” p.s.i. Hours Hours 

CT1 , 1.62 1. ; . . Standard 1050 950 0.00014 
CT1A b 1.56 \ 11. ; \ 4-20-24 1000 1000 0.00175 
CT1A . 1.50 0. ; i i 4-20-24 255 1030 0.00029 


CT5 ’ 1.08 0. . : , Standard 3000 1007 0.00003 
CT5 , 1.08 0. ; ; h 4-20-24 1000 1028 0.00037 
CTS . 1.08 0. » 27.0 0. 4-20-24 255 1008 0.00005 


CH121 ; 0.97 5 17.9 , Standard 1250 1008 0.00002 
CH121 ; 0.97 1.32 s 17.9 , 4-20-24 1000 1008 0.00046 

“The Standard test is made at constant temperature. The cyclic test involves heating 
to 1800 degrees Fahr. (980 degrees Cent.) in 4 hours, holding at 1800 degrees Fahr. (98! 
degrees Cent.) for 20 hours (during which creep measurements are made), and slow cooling 
to room temperature in 24 hours; the cycle being repeated continuously. 


ee 
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fluctuation interrupts a standard creep test, the stabilized creep rate sometimes 
never returns to its former minimum. 

The apparent paradox of elongation during cooling, shown in Fig. 9 by 
Brophy and Furman, might be explained by differential cooling of the long 
extensometer rod. If thermal contraction occurs in the rod before in the 
specimen itself, this effect would appear on the dial gage as an apparent ex- 
pansion of the test piece. 

Written Discussion: By R. D. Van Nordstrand, Industrial Heating and 
Welding Engineering Department, General Electric Co., Schenectady, N. Y. 

The authors have given us some valuable data in a field where very little 
data are available to date. That is the effect of cyclic temperature operation on 
heat resisting alloys. 

During the past few years attempts have been made to get a laboratory 
set-up whereby quick tests could be made to determine the ability of castings 
of various analyses to withstand thermal shock. Various sections were used, 
even using tubes with the hole off center. Shock was obtained by air jets and 
even quenching the edge of casting in a shallow pan of water. None of the 
results were positive enough to be of value. 
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Creep or Deflection Test with Weights Hung on Test Bar Supported Between Knife 
Edges. Dotted Lines Indicate Power Interruptions. 


Comparing these tests with the authors’, it is apparent that while we had 
ample rate of change of temperature, we did not have the casting under stress 
during the thermal shock. Possibly, also, the castings should have received a 
prolonged heat treatment before subjecting them to the thermal shock. 

Some recent work’ has been done along the same line with results com- 
parable to that obtained by the authors which should be mentioned here. A 
long bar was placed on knife edges in a furnace. This bar had a reduced 
section 4 inches long in the center with weights suspended just outside the 


aoe Carbide and Carbon Research Laboratories, “Testing Beams at High Tem- 
ure, 
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reduced section, with a set-up whereby very accurate readings were taken op 
deflection. During the initial 100 hours the rate of deflection was fairly high, 
but then leveled off to a uniform, normal rate. There were some power inter. 
ruptions later which allowed the furnace to cool to room temperature. In each 
case deflection or sag rate materially increased while cooling, and also the 
rate was high for a time after temperature was restored but soon leveled of 
to previous rate. A 200 degrees Fahr. (95 degrees Cent.) drop in temperature 
showed exactly the same characteristics although, of course, to a lesser degree, 
The beam was loaded to a calculated fibre stress of 1800 pounds per square inch 
at 1800 degrees Fahr. (980 degrees Cent.). 

This test indicated that the power failure did not affect the rate of sag 
after equilibrium had been established but very materially affected the total sag. 
In fact, cooling to room temperature and reheating was equivalent to over 
1000 hours of steady temperature under load. 

This sag cannot be explained by squeeze action of the outer surface cooling 
much more rapidly than the center. This sag is, however, typical of what 
takes place in a furnace and indicates why castings fail. Think of running a 
high temperature, highly stressed furnace casting 120 hours a week and then 
cooling it off during the weekend. (The weekend shutdown does ten times as 
much damage as does the hours of service.) Even 200 degrees Fahr. (95 degrees 
Cent.) drop in temperature equals at least 200 hours’ service. Fortunately, 
furnace designers are usually able to design so as to avoid these severe condi- 
tions, but we do need to know more about the subject of cyclic temperature 
acceleration of strain in heat resisting alloys and how to select alloys to best 
withstand the service. We hope the authors will continue their good work 
with this highly practical subject. 

Written Discussion: By O. E. Harder, assistant director, Battelle 
Memorial Institute, Columbus, Ohio. 

This paper by Brophy and Furman is of great interest and importance 
both from the standpoint of fundamentals of metals in creep testing and from 
the standpoint of the use of metals at elevated temperatures. 

The experimental work seems to have been done with a great deal of care 
and the various possible sources of error adequately checked. I find, however, 
that their analysis of the mechanism which causes acceleration of strain is ‘not 
entirely satisfying and it is my purpose to suggest another mechanism for which 
I do not have proof but which seems to be at least plausible. Their observation 
that cyclic heating can accelerate the creep rate seventy-fold, and it may be 
added that all or practically all high temperature uses of metals involve cyclic 
heating to a greater or lesser degree, would suggest that under such applications 
all alloys would be headed for the nether regions in a wheelbarrow and that 
the life would be of the order of that of the proverbial snowball. On the other 
hand, it is well known that many alloys have been used in high temperature 
applications over long periods of time and that rapid failure in such applications 
is the exception rather than the general rule. 

It is well known that steels in particular will show marked deformation 
even in a single quench from above the upper critical temperature and when 
this operation is repeated a number of times very marked changes in shape may 
result. With steels this involves a transformation and a change in the arrange 
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ment of the atoms if the steel is of the hardening variety. 
involved in the three alloys studied by Brophy and Furman. 

The quenching of steel also establishes steep temperature gradients. While 
using a specimen only % inch in diameter and cooling at the rate of a few 
degrees per minute certainly could not have established a steep temperature 
gradient, probably the difference in temperature from the outside to the center 
of the specimen was not at any time more than 1 degree Fahr. Furthermore, 
from the results reported, it is not evident that acceleration of strain increases 
as the rate of cooling increases but rather that the range of temperature over 
which the cycle varies is a more important factor. 

Consideration of the analyses of the three steels studied by Brophy and 
Furman shows that they are of the type which in equilibrium at room tempera- 
ture would show a structure containing carbides. It is also known that steels 
of this type have a temperature range in which the solubility of carbides in- 
creases quite rapidly on heating and decreases on cooling. For these particular 
steels, it is suggested that 1800 degrees Fahr. (980 degrees Cent.) is a tem- 
perature at which the solubility of carbides is changing rapidly and that on 
cooling from this temperature there is a relatively rapid decrease in the 
solubility of the carbides and the extent of the carbide precipitation will be 
largely a function of the temperature to which steels are cooled although it is 
indicated that the solubility of the carbides over a given temperature range 
decreases as the temperature decreases. Obviously, this process would be 
reversed on heating. It is proposed that on cooling steels of this type in the 
temperature range just below 1800 degrees Fahr. (980 degrees Cent.) carbide 
precipitation takes place. This reaction results in an increased volume of the 
steel and since the specimen is under tension the precipitation will take place 
in such a manner as to relieve the major stress and the result will be elongation. 

There is adequate basis for the statement that precipitation from a solid 
solution results in an increase in volume and the postulate that under tension 
the precipitate would take place in such a way as to relieve the tension resulting 
in elongation of the gage length seems reasonable. It may be added that the 
first carbides to precipitate will be upon carbides which are already present, 
the well known seeding effect, and then further precipitation may take place, 
most likely in certain crystallographic planes which are more highly stressed. 
These changes, then, are the ones suggested for the phenomena on cooling steels 
of these types under stress in the temperature range below 1800 degrees Fahr. 
(980 degrees Cent.). 

On reheating to a temperature of 1800 degrees Fahr. (980 degrees Cent.), 
solution of carbides will take place. In the cooling cycle it was proposed that 
the carbides would precipitate out on those already present which is a mechanism 
for growth of carbide particles and now it is proposed that on reheating the 
fine carbide particles will go into solution more rapidly and that they will be 
used principally to satisfy solution equilibrium and that the larger carbide 
particles under repeated cyclic heating will continue to grow and the result will 
be an increase in the size of the carbide particles. This makes for less critical 
dispersion and less effective keying of the structure by the large carbide par- 
ticles and a general decrease in the strength of the material. Thus, on the 
heating cycle there is solution of the fine carbide particles which decreases the 


No such change is 
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keying effect and provides for further strain of the specimen and presumably 
there is the element of removal of strains of any type which were introduced 
by cooling. The behavior of the metal then on reheating is a recurrence jp 
greater or less degree of the first stage of creep. 

The above proposed mechanism might be repeated with each cycle but it 
seems reasonable to assume that both the phenomena on cooling and on reheat. 
ing will diminish in magnitude as the number of cycles is increased. If suck 
were the case, the fact that heat resisting alloys survive in service might be 
accounted for. Brophy and Furman, on the other hand, find that when these 
cycles are continued over a long period of time the specimens actually break. 
This, I believe, is limited to a critical and extreme condition in which the 
specimens are subjected to a stress which, over a long period of time, might 
cause creep to enter the third stage, that of ultimate failure, even if the speci- 
mens were not subjected to cyclic heating. 

Under the influence of cyclic heating and the changes mentioned above, 
there is progressive increase in the size of the carbide particles, a decrease ir 
the effectiveness with which the carbide particles strengthen the material so 
that the strength of the material at elevated temperatures is progressively 
decreased, and as a result the time required for the specimen to enter the third 
stage of creep and to break is decreased. It is, therefore, suggested that under 
loads of the order generally used in actual service where the stress is not 
more than 25 to 50 per cent of what has come to be known as the limiting 
creep stress (stress to produce a rate of 1 per cent of deformation in 10,000 
hours) the acceleration of strain due to cyclic heating diminishes with time in 
service and is never of sufficient magnitude to reach the third stage of creep. 
It is probable, however, that in some incorrect designs failure has resulted 
from just such a phenomenon. 

The above discussion suggests, without proof, the mechanism, or a com- 
bination of mechanisms, which might account for the phenomena observed by 
Brophy and Furman. Experimental conditions to try out the proposed mecha- 
nism would not be too difficult. In fact, the examination of the microstructures 
of the specimens used in the present work might give valuable information. 
The importance of temperature variations in creep testing has been recognized 
but it is suggested that acceleration of the creep rate of the order of seventy- 
fold is not likely to be encountered except under certain critical conditions, 
that is, a high stress which would produce failure in a relatively short time, 
perhaps 1000 hours, and in the temperature range in which there is a marked 
and rapid change in carbide solubility. 

Written Discussion: By F. B. Foley, superintendent, research depart- 
ment, The Midvale Co., Nicetown, Philadelphia. 

The effect of greatly increased rate of deformation which is found during 
creep testing to result from lowering the temperature of the specimen and 
then bringing the specimen back to the original temperature may be accounted 
for in a way not touched on in the discussion of this work by Brophy. 

The lattice of a metal undergoing strain during a creep test is distorted 
if the load be high enough at the temperature to cause a steady creep. A Cel 
tain load at a given temperature must be attained to produce this effect. If 
either the load or the ‘temperature be then sufficiently reduced the atoms will 
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go back to their stable positions in the lattice and the structure is like that of 
the metal prior to starting the creep test. What Brophy has done is to main- 
tain the load and reduce the temperature so that the atoms have been allowed 
to resume their normal lattice positions. When the original temperature is 
restored the metal starts out in approximately its condition at the beginning 
of the creep test and then goes through the initial first stage of creep, which is 
characterized by a high rate of elongation, such as this paper describes, and 
then progresses into the second stage of steady creep rate which approximates 
that originally produced in the initial heating and loading. It seems to me 
that the same effect would be produced by holding the temperature constant, 
reducing the load and then bringing the load up to that originally applied. 

This restoration of a stable lattice structure is of course possible only in 
high temperature testing, the higher the temperature the more readily recrystal- 
lization occurs. 

Written Discussion: By J. J. Kanter, materials research engineer, 
Crane Co., Chicago. 

The importance of the effect studied by the authors cannot be over- 
emphasized for consideration in the design of equipment for high temperature 
operation. Deformations directly attributable to cyclic temperature changes 
may be more generally encountered and extensive than those due to steady 
creep in a substantially designed structute. That the strain accelerations to 
which the present paper is devoted are pertinent in high temperature design ‘ 
problems, there can be little question. : 

Whether or not strain accelerations following temperature cycles can be 
attributed directly to the “upsetting” effect of stresses arising from thermal 
gradients, as the authors conclude, may be open to some question. At least 
some further experiments to determine the magnitude of these gradients seem 
desirable. If the authors would prepare dummy specimens of the type which 
they used, attaching fine wire thermocouples to indicate the actual thermal 
gradients obtaining between surface and center of the test bar, under the various 
cooling rates, it would be possible to estimate the magnitude of the thermal 
stresses involved. Such data would afford a better basis upon which to conclude 
whether the strain accelerations are due to “upsetting” or some effect peculiar 
to the mechanism of creep. Speculation upon the theoretical aspects of the 
Wise-Gow effect will become more interesting when data upon the magnitude 
of the thermal gradients involved are available. 












Authors’ Reply 


We wish to thank the gentlemen who have prepared discussions, particu- 
larly for the additional corroborative evidence and the stimulating suggestions. 

Mr. Avery calls attention to the apparent paradox. of elongation during 
cooling shown in Fig. 9. Perhaps we failed to emphasize sufficiently the con- 
ditions surrounding the experiments of Fig. 8 in which Mr. Avery’s objection 
is answered. At each temperature designated during cooling the temperature 
was held constant for 10 minutes before readings of extension were taken to 
eliminate any temperature differential which might have existed between the 
extensometer rods and the test bar. 


1138 TRANSACTIONS OF THE A. S. M. December 


The agglomeration of carbides and the resultant weakening of the materia| 
could hardly be expected to occur to the extent shown by Mr. Avery in, 
single cycle of temperature and, we believe, therefore that this can be dismissej 
as a possible cause of the effect described. 

Mr. Van Nordstrand’s contribution is interesting and emphasizes the prac. 
tical importance of the effect. On first thought, as he suggests, it is obscure 
that the squeeze action can account for the increasing sag of the loaded beam, 
but further reflection reveals that the constrictive stress may be translated int, 
tension stress which decreases the compression on the upper side of the bar 
and increases the tension on the lower side. The neutral axis must therefore 
be shifted temporarily toward the compression side to accommodate these 
changes which result in increased rate of sag. 

Dr. Harder bases his whole discussion on a premise which, for these alloys 
is wrong; namely, that on cooling “carbide precipitation takes place” which 
“results in an increased volume of the steel and since the specimen is under 
tension the precipitation will take place in such a manner as to relieve the 
major (applied?) stress and the result will be elongation.” In the first place, 
when carbide is precipitated in these alloys, shrinkage, not expansion, always 
occurs. All of our experience and that of others has demonstrated this. How 
else can we account for the negative creep experienced in the early stages oi 
creep testing when the applied stress is not so great as to mask it? Secondly, 
even if the material did expand upon carbide precipitation, which it does not, 
it is difficult to understand how the applied stress would be relieved, or even 
diminished, since the bar is unrestricted and supports a dead load. The applied 
stress must therefore remain constant, and the effect be caused by a force which 
sets up additional tension stress. 

That part of Mr. Foley’s hypothesis which pertains to the temperature 
cycle is an interesting possibility and at the moment we cannot deny that it may 
have a bearing. It is, however, difficult to reconcile with it the observations 
that a tubular section has a greater resistance than a solid bar, and that the 
acceleration of strain occurs on cooling. Varying load at constant temperature 
has been investigated and a normal response found; i.e., shrinkage on unloading 
and extension with increasing load. 

Mr. Kanter’s suggestion for the critical experiment is appreciated, and i 
the opportunity is presented, will be followed. 

Additional data obtained since preparing the paper indicate that some 0 
the constrictive force set up during temperature cycling is contributed by the 
shrinkage caused by carbide precipitation as distinguished from the purely 
thermal shrinkage, and has been determined in several tests to induce in the 
several alloys an average stress in the bar ranging from 80 to 17 per cent 0 
the total. It was interesting to find that in spite of the percentage variation 
the actual value of stress contributed by carbide precipitation was a fairly 
constant value. 

The magnitude of the effect is now recognized to depend upon the follow: 
ing factors: (1) the temperature level and range of temperature cycle; (2 
the rate of cooling; (3) the applied stress; (4) the type of alloy and its carbon 
content; and (5) the form and possibly the dimension of the test bar. 












STUDY OF MARTENSITE FORMATION BY A 
PHOTOMETRIC METHOD 


By E. R. SAUNDERS AND J. F. KaHLEs 


Abstract 






















The results, which are presented in this paper, indicate 
that the “S” curve theory does not hold for the eutectoid, 
plain carbon steel tested. Results obtained confirm the 
work of A. B. Greninger and A. R. Trotano. Martensite 
formation was evaluated by a photometer and curves are 
shown indicating the rate of martensite formation. 


INTRODUCTION 





‘ i 7 HEN the investigations reported in this paper were started, 

there were differences of opinion in regard to the manner in 
which martensite formation takes place. The “S” curve adherents 
claimed that at any given isotherm to which a sample is quenched 
there is a definite time interval during which the specimen remains 
100 per cent austenitic. After this time interval has elapsed, trans- 
formation begins and proceeds to completion. Another school of 
thought, led by H. Carpenter and J. M. Robertson, advanced a 
theory directly contradictory to the “S” curve interpretation. The 
theory was that martensite formation occurs during the cooling proc- 
ess only. The details of these theories are not considered in this 
paper for they are covered adequately in previous reports indicated 
in the bibliography. It was this controversy in thought regarding 
martensite formation that served as incentive for this investigation. 


EXPERIMENTAL METHOD 











The method adopted to obtain data for this research consists of 
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a metallographic procedure similar to that used by A. B. Greninger 
and A. R. Troiano (1).* The method is based on the fact that proper 
etching of metallographic samples will distinguish clearly between 
tempered martensite and quenched martensite. This difference jy 
etching characteristics between tetragonal and cubic martensite has 
been demonstrated previously by H. Haneman (2). 

In brief, the process consists of quenching samples from the 
austenitic field to a given isotherm below the Ar” temperature for 2 
measured time interval; then tempering at a temperature above the 
Ar”; and finally quenching to room temperature... The martensite 
formed during the first quench, together with that formed at the 
isotherm, appears as a dark acicular structure against a white back- 
ground. The white matrix consists of martensite (and probably some 
retained austenite) produced during the final quench, but represents 
the undecomposed austenite at the end of the isothermal treatmert. 

The first difficulty in conducting isothermal transformations is 
achieving extremely rapid quenching rates. The ideal condition would 
be to reach the temperature of the isotherm instantaneously. Such 
a condition, of course, can be approached only by proper considera- 
tion of the specimen size and quenching medium. At any rate, it is 
necessary to reach the lower temperature before any isothermal de- 
composition can commence, assuming the reaction does occur accord- 
ing to the “S” curve theory. The short lag times reported in “S” 
curve work in the lower regions necessitates very rapid cooling 
rates. If the martensite formation occurs during the cooling process 
itself, then quenching need only produce cooling faster than the criti- 
cal cooling rate. It is necessary to use cooling rates greater than the 
critical in order to prevent Ar’ transformation. Cooling rates faster 
than the critical should have no effect on the rate of martensite forma- 
tion according to the theory of H. Carpenter and J. M. Robertson. 
However, since it is undesirable to arbitrarily rule out the possibility 
of “S” curve transformation, as rapid cooling rates as possible are 
required for the investigation. 

In studies of decomposition rates of austenite, there is a means 
available to retard the reaction to any chosen rate, namely, the 
addition of various alloying elements as shown by E. C. Bain (3). 
Although the mechanism of martensite formation in alloy steels may 
be exactly similar to the formation in plain carbon steels, it is de 
sirable to study the problem first in a simpler form. After the nature 
~The figures appearing in parentheses refer to the bibliography appended to this pare 
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of the martensite formation in plain carbon steels is settled, applica- 
tion to the vast field of alloys should be made. The argument may be 
advanced that unless specially prepared iron-carbon samples are used, 
the study is actually concerned with alloy steels because of the various 
elements present in commercial steels. Nevertheless, this investiga- 
tion is confined to the study of the class of commercial steels usually 
designated as plain carbon. The samples used in this work contained 
0.80 per cent carbon and 0.64 per cent manganese. 

In order to obtain rapid cooling, thin sections were used for 
samples. The specimens were cross sections cut from rods 0.18 
inch in diameter and rough polished to a thickness of 0.045 inch. 
The quenching and tempering baths consisted of 6 pounds of a 
quaternary eutectic of 27.3 per cent lead, 49.5 per cent bismuth, 10.1 
per cent cadmium, and 13.1 per cent tin—possessing a melting point 
of 70 degress Cent. (160 degrees Fahr.). The two metal baths were 
maintained at a constant temperature by means of proper controllers. 
Temperatures in the molten metal and in the heating furnace were 
measured by means of a potentiometer and alumel-chromel thermo- 
couples calibrated against pure lead and antimony. The quenching 
and tempering bath temperatures were controlled within 2 degrees 
Cent. (3.5 degrees Fahr.). 

For the preliminary heat treating process, the saith were 
soaked at 750 degrees Cent. (1380 degrees Fahr.) for 1 hour, 
followed by a furnace cool. In order to prevent excessive scale 
formation or decarburization during the treatment, a nitrogen atmos- 
phere was maintained. Numerous investigations have shown the 
necessity for removing the last traces of water and oxygen in order 
to avoid any surface loss of carbon. However, for the purposes of 
this work, it was found that sufficient purification was obtained by 
passing the tank nitrogen over steel wool at 1000 degrees Cent. (1830 
degrees Fahr.) before sending the gas into the heating furnace. The 
prepared samples were suspended from a 16-gauge iron wire in the 
heating furnace for 30 minutes at 750 to 775 degrees Cent. (1380 
to 1425 degrees Fahr.). In the beginning, a small hole (No. 60 drill) 
was drilled through the specimen. A 27-gauge steel wire was 
threaded through this hole to suspend the specimen from the iron 
wire. Unfortunately, the presence of the hole added considerably 
to the difficulty of polishing the samples. It was found, however, 
that the samples could be held satisfactorily by merely winding the 
steel wire around the lateral surface of the piece, the wire being sup- 
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ported by means of small notches filed in the lateral surface. This 
procedure was followed in later samples. 

The metallographic method has been shown by E. S. Davenport 
(4) to be the most sensitive to variations in the composition of the 
austenite. T. G. Digges (5) has conducted a study on the effect of 
nonuniformity of austenite on the rate of austenite decomposition. 
Transformation proceeds with greater rapidity in low carbon areas. 
making it difficult to evaluate the average per cent decomposition in 
any given sample. Accordingly, it is necessary to use a soaking 
time that will insure complete solution of the carbides, and homoge- 
nization of the austenite. R. H. Lauderdale and O. E. Harder (6) 
have determined the time necessary for carbon to go into solution 
in order to develop full hardness on a quench. Using 0.77 to 0.78 
per cent carbon steels, it was found that from 1 to 2 seconds is 
sufficient at 870 degrees Cent. (1600 degrees Fahr.), and from 5 
to 7 seconds at 815 degrees Cent. (1500 degrees Fahr.). With 
these soaking times, however, there is incomplete solution of the 
carbides. A spheroidized structure resulted in complete solution at 
870 degrees Cent. (1600 degrees Fahr.) in 1 minute, but in some 
cases the last of coarse carbides had not dissolved in 1 hour. These 
results indicate that the chosen soaking time of 30 minutes was 
probably sufficient for the samples used. In some cases, the speci- 
mens were heated to a much higher temperature, and for a longer 
time interval. Examination of these samples failed to reveal any 
differences from those run at a lower soaking temperature and 
quenched, for the same time interval. 

The transfer of the samples from one unit to another was ac- 
complished in approximately 1 second. After being immersed in 
the quenching bath for a predetermined time interval, the specimens 
were tempered for 5 seconds at 278 degrees Cent. (535 degrees 
Fahr.). The final quench to room temperature was accomplished in 
500 cubic centimeters of a 10 per cent NaOH solution. 

In order to facilitate the handling of the samples during polish- 
ing, they were mounted in a low carbon steel holder. The samples 
were set into small holes drilled in the surface of the steel. In this 
way, several specimens could be mounted in one holder, thus decreas 
ing the amount of polishing required. It was found that the most 
convenient size for polishing was a 34-inch diameter section holding 
four samples. However, in some few cases, as many as eight spect 
mens were mounted in a single holder. 
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Mounting mediums such as lucite or bakelite are prohibited be- 
cause of the injurious effect of reheating the samples. It is necessary 
to exercise considerable care in the polishing technique in order to 
minimize surface heating. A dry polishing procedure was adopted 
for preliminary preparation of samples down to the 000 paper. Wet 
wheel polishing on felt wheels, first with 600 alumina, and finally 
with levigated alumina, completed the polishing operation. A 2 
per cent solution of nitric acid in absolute alcohol was used as an 
etchant. To prevent the formation of a spotty oxide film after 
etching, the specimens were washed thoroughly in running water, 
then given two successive alcohol rinses, and finally were dried by 
compressed air. It was found that the microstructure was ap- 
preciably improved by repolishing with the levigated alumina, and 
etching a second time. 


METHOD FoR EVALUATION OF RESULTS 


The metallographic method for following transformations is 
ften avoided because of its tediousness. In the first place, the large 
number of samples that must be handled and the necessity of polish- 
ing each sample is time consuming. Secondly, even after the samples 
ave been properly prepared, the actual evaluation of the transforma- 
tion has proved to be a laborious and imaccurate process. Previous 
methods have been concerned with the evaluation of the per cent of 
a photomicrograph covered by the dark martensite needles. Counting 
the number of squares on a superimposed cross sectional paper which 
$s necessary to cover the dark areas is one method often used. Cut- 
tng out and weighing the tin foil necessary to cover the dark needles 
is another procedure available. The line intercept method has also 
been of value in analyzing results. It is obvious upon referring to 
photomicrographs of the structures encountered that each of these 
methods offers numerous difficulties. At high magnifications, a 
photomicrograph represents but a very small fraction of the area of 
the specimen. A slight variation in the martensite formation may 
asily cause a large error in the computation of the per cent present. 
lower magnifications, however, it becomes increasingly difficult 
apply any of these methods because of the small size of the mar- 
tensite needles. 
more rapid and accurate method has been developed to deter- 
mine the per cent martensite present. The sample is placed) upon 
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the stage of the metalloscope, and the amount of light reflected from 
the surface is then measured with a photometer. The photomete; 
cell is located at the bellows entrance in place of an ocular. See 
Fig. 1. A specimen which shows zero transformation (i.e. no dark 
needles) will give the maximum reading, whereas a sample trans- 
formed completely results in a minimum amount of reflected light. 
For the O per cent transformed, an average value of 4.50 foot- 
candles for the samples showing no needles was used. For the lower 





Fig. 1—Metalloscope With Photometer in Place. 


limit, a sample was quenched from 775 degrees Cent. (1425 degrees 
Fahr.) to room temperature in 10 per cent NaOH, tempered for 
30 seconds at 278 degrees Cent. (535 degrees Fahr.), and re 
quenched in the caustic. The resulting microstructure gave a pho 
tometric reading of 0.65, thereby providing a range of 3.85 foot: 
candles. Samples which have transformation between these two 
limits give corresponding photometer readings which can be used 
directly to interpolate for the amount of martensite present. 4 
straight line relationship was found to exist between the photomete! 
reading and the total amount of light incident on the surface of the 
cell. 
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A method such as this, first of all, requires a constant source of 
‘jlumination. A mercury vapor tungsten filament bulb served to 
provide a source of light which decreased very slowly with continued 
use. The illumination was adjusted by means of a diaphragm to a 
value of 5.00 foot-candles when a brightly polished surface was placed 
on the stage of the microscope. In this way, the intensity was 
checked before and after the examination of each specimen. 

In order to compare the extent of transformation in various 
samples by a photometric method, it is necessary that the specimens 
be etched to the same degree. If the nature of the transformation 
product below the Ar” line is the same regardless of the time or 
temperature used, it follows that the time required for etching the 
various samples should be a constant. However, any variations in 
the temperature and nature of the specimen surface would influence 
the rate of attack by the etchant. In addition, it is necessary that the 
etchant used be constant in composition. The influence of these 
factors can be minimized by proper etching technique. Rinsing the 
surface in xylol prior to etching.to remove any oil film, and frequent 
changing of the etchant, are some precautions to be observed. 

Despite extreme care in the etching process, it was found that 
the more highly transformed samples required a longer etching time 
to develop the structure. Etching curves (photometer readings 
versus time of etch) were determined for a variety of specimens. 
In all cases, a characteristic plateau, corresponding to an etch which 
appeared satisfactory upon visual examination, was obtained. The 
data for the first curves were obtained by superimposing successive 
etches upon the specimen. Such a procedure is subject to criticism 
because of the increased effect of oxide film on the sample—leading 
to pronounced spotting after five repeated etches. Reliable data, 
however, can be obtained by repolishing the specimen after each etch. 
The representative curves, illustrated in Figs. 2 and 3, were obtained 
by the latter method. In order to facilitate the examination of the 
same field each time, the samples were marked’ by a microcharacter 
with two intersecting lines, the intersection being located in the center 
of the field of view for each examination. The presence of these 
scratches caused the photometer reading to be lowered by about 0.03 


loot-candles, and therefore may be considered to have a negligible 
effect. 





































The fact that the plateau occurs at different times, as shown by 
the figures, adds to the difficulty of evaluation. Using the same etch- 
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ing time for the more highly transformed samples develops the 
structure, but produces brown-colored needles. Further etching 
darkens the needles, and a plateau is reached. It is not possible to 
choose any one etching time to use for all samples. For quantitative 
results, it is necessary to determine an etching curve for each sample 
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Fig. 3—Etching Curve of Samples 131, 132, 133 and 134. 


and to use the value of the photometer reading at the plateau as 
representative of the transformation. The quantitative nature of the 
method is evidenced by the agreement within 2 per cent of the values 
obtained on etching curves determined by two separate observers. 
Greater accuracy of measurement is unnecessary because of the 
obvious errors inherent in the method itself. Indeed. it seems highly 
probable that variations of a few per cent are met with in the cross 
sections reached by the repeated polishing procedure. Extreme cart 
must be exercised in the polishing and the etching of each specimen. 

Since, in all cases, the plateau begins at an etching time ©or 
responding to a good etch by the visual standard, and ends when 
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darkening of the matrix indicates that overetching has occurred, it 
is possible to evaluate the samples more rapidly but less accurately. 
Without determining an etching curve for each sample, the speci- 
mens are merely etched for the length of time that is necessary to 
produce a sharply defined structure. This procedure has been adopted 
for most of the data tabulated, in order to indicate qualitatively the 
rate of reaction. The photometer reading, of course, represents an 
integrated value over the entire field of view. 


DISCUSSION OF RESULTS 





Figs. 4 to 8 summarize the results obtained in this investigation 
of martensite formation in the eutectoid, plain carbon steel tested. 
Transformation at 248 degrees Cent. (480 degrees Fahr.) appeared 
to take place according to an “S” curve reaction. At this tempera- 
ture, there is a lag time of about 6 minutes prior to any austenitic 
decomposition. Transformation then commences and proceeds stead- 
ily toward completion. Additional data are necessary to determine 
the exact nature of the transformation curve as the reaction ap- 
proaches completion. In all probability, the curve would approach 
the 100 per cent transformed line asymptotically. The lag time is in 
good agreement with that reported previously by E. C. Bain and 
E. S. Davenport (7). The microstructure of the isothermal product 
at 248 degrees Cent. (480 degrees Fahr.) is quite similar to the mar- 
tensite needles formed at lower temperatures, but there are a few 
differences apparent. The product of higher temperature transforma- 
tion tends to come out in longer, more slender needles. These needles 
form in groups or clusters, indicating that the reaction may be de- 
pendent upon a diffusion process. The product of transformation in 
this range is usually designated “‘bainite”’. 

The sample run at 240 degrees Cent. (465 degrees Fahr.) for 
only 3 seconds showed a small percentage of needles present. 
From 3 seconds to 10 minutes, the amount of transformation 
remained nearly constant. At the end of this time interval, steady 
transiormation toward completion commenced (Fig. 5). A similar 
mechanism of reaction Was found at all isotherms investigated below 
240 degrees Cent. (465 degrees Fahr.). The lower the temperature, 
the greater the amount of transformation produced when the plateau 
in the curve was reached (Figs. 5, 6, 7). At the isotherms below 
155 degrees Cent. (310 degrees Fahr.), insufficient data were ob- 
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tained to determine the transformation after the plateau is passed, 
The time interval before the plateau of the reaction is reached may 
indicate that a rapid primary reaction has occurred, or that the size 


enemy) peomatin 


oe oe 


a4 6181) te 346 
Sooo 10Sec. thin. “Ip 
- Log. of Time, (Secs) 


Fig. 4—Curve Showing Isothermal Transforma- 
tion at 348 Degrees Cent. 
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Fig. 5—Curves of Isothermal Transforma- 
tions at 210, 225 and 240 Degrees Cent. 


of the sample prevented quenching to the isotherm within this time. 
It seems more reasonable that the latter is true, and that the data 
obtained for transformation time less than 2 seconds should be 
disregarded. If this is done, in all cases below 248 degrees Cet. 
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(480 degrees Fahr.) there appears to be a definite amount of an 
initial product which forms during the cooling operation. Upon 
maintaining a sample at a given isotherm, further transformation 
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Fig. 6—Curves of Isothermal Transformations 
at 138, 155 and 179 Degrees Cent. 
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Fig. 7—Curves of Isothermal Transforma- 
tions - 91, 98 and 122 Degrees Cent. 


begins after a certain time anerwel: The amount of the initial prod- 
uct formed is solely a function of the temperature drop between some 
limiting temperature and the isotherm—the greater this difference, 


the greater will be the amount of transformation. Fig. 8 illus- 
trates the formation of this quenching product as a function of the 
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temperature drop. This curve was obtained by plotting the valyes 
of the per cent transformed at the plateau of each isotherm. The 
data for the lower temperatures are probably less accurate because 


of the difficulties in differentiating between highly transformed speci- 
mens. 


Martensite Formation 


During Cooling 
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Fig. 8—Curve Showing Martensite Formation 
During Cooling. 


The austenitic decomposition product formed during cooling in 
the low temperature region should be designated ‘“‘martensite”. The 
difference in the reaction at 248 degrees Cent. (480 degrees Fahr.) 
(no product upon cooling to the isotherm) and 240 degrees Cent. 
(465 degrees Fahr.) (slight transformation during the quenching 
process) indicates that the Ar” temperature lies somewhere between 
these two isotherms. This temperature which bounds the martensite 
region is apparently independent of cooling rates. The Ar” value 
found is in good agreement with previous results reported for a 0.80 
per cent plain carbon steel. 

The product resulting from transformation at the isotherm, 
although microscopically similar to martensite, should be classified 
as a member of the bainite family. As has been noted previously, 
not enough data were obtained to establish the mechanism of the 
bainite formation. However, the lower the temperature, the slower 
the bainite reaction occurred. At 122 degrees Cent. (250 degrees 
Fahr.) no isothermal product was apparent after 4414 hours had 
elapsed. 


In many of the samples studied, it was found that a heavy needle 
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formation took place around the edge prior to any transformation 
throughout the specimen. J. M. Robertson (8) has mentioned a 
similar formation in his samples, and reasoned that it was probably 
due to a pressure effect. If this is true, there is no apparent way of 
avoiding such a formation. Another explanation is based on the 
more rapid cooling rates at the edges. If this were the only cause, 
it follows that, in the samples quenched for more than 5 seconds, 
the edge effect would be missing. The entire sample should reach 
the isotherm in 2 or 3 seconds and therefore show a constant 
amount of martensite across the surface since the entire piece has 
passed through the same temperature range. In general, the edge 
effect was less pronounced for these longer time intervals, but was 
still apparent. 

The reason for the difference in etching time for the various 
samples is not readily apparent. However, if the process of etching 
is considered from the electrolytic viewpoint with the needles as anode 
and the matrix as cathode, it seems logical that a greater etching 
time would be necessary the greater the amount of anode area 
present. This is in general agreement with the results obtained. In 
order to clearly establish this relationship, rigid control of the vari- 
ables in the etching technique must be made. : 

In summary, the results of this research indicate that trans- 
formation of austenite at temperatures below the Ar” occurs in two 
separate stages. Martensite formation takes place during the actual 
cooling process, and is a function of the temperature interval between 
the Ar” and the chosen isotherm. Further transformation of the 
austenite at this isotherm takes place after a definite time lag—pro- 
ducing a bainite structure. Important assumptions which have been 
made are that the per cent of austenite transformed is indicated by 
the per cent of the dark constituent developed in the steel specimen 
and that the analytical method (tempering process) does not lead to 
error. Although many specimens were prepared during the course 
of this investigation not enough data were obtained to establish con- 
clusively the nature of the kinetics of the martensite reaction. In 
general, however, it may be said that this investigation substantiates 
the theory of H. Carpenter and J. M. Robertson, confirms the work 
of A. B. Greninger and A. R. Troiano for the steel tested, and serves 
to show the trend of the transformation of austenite to martensite 
by metallographic means. 
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DISCUSSION 


Written Discussion: By Alden B. Greninger, Lamp Department, Gen- 
eral Electric Co., Cleveland. 

Messrs. Saunders and Kahles have provided us with a nice solution to the 
old problem of determining quantitatively the percentage of austenite decom- 
position in a specimen of austempered steel. The method is somewhat laborious 
in that eight or ten repolishings and etchings of each specimen are necessary 
to obtain the reliable photometric reading; nevertheless, this added labor is 
justified if it is possible to secure reproducible photometer-reading versus 
etching-time curves like those shown in Figs. 2 and 3. The reproducibility of 
these curves is most important. I assume that Samples 131 to 134 of Fig. 3 
received identical heat treatments, and that therefore this figure supplies data 
regarding the reproducibility of the etching-curve plateau (and thus of the 
reliable photometer reading) for a given austempering treatment. 

Would the authors explain why the curves of Figs. 5 to 7, inclusive, have 
been extrapolated to the origin of the graph? As drawn, these curves are 
somewhat misleading, for they do not provide the same information as that 
supplied by the text of the paper. That is, so long as the curves represent 
percentage-transformation vs. time-at-temperature, there appears to be no valid 
reason for extrapolating the curves to include those times for which the speci- 
men is obviously not yet at temperature. Also, the absence of points for the 
critical time period between 2 and 10 seconds is unfortunate. In my judgment, 
specimens of the size used by the authors should reach temperature’ in slightly 
more than 2 seconds time (if they are completely scale-free before quenching), 
and because many of the curves of Figs. 6 and 7 contain no points between 2 
and 10 seconds, they tend to be misleading as drawn. For example, the 179 
degrees Cent. curve of Fig. 6 states that after 2 seconds the. austenite has 
undergone about 2 per cent decomposition, and then transformation proceeds 
at a uniform rate until at 10 seconds the austenite is 50 per cent decomposed. 
I do not believe the authors intend this to be a picture of what actually hap- 
pens when a specimen of eutectoid steel is quenched into a liquid metal bath 
held at 179 degrees Cent. (355 degrees Fahr.). If they do so intend, their 
results are then definitely not in agreement with those of Greninger and Troiano. 


“Time to reach temperature during quenching in Wood’s metal has been measured for 
specimens 0.040 inch square by % inch long (A. B. Greninger, ‘“The Martensite Thermal 
Arrest in Iron-Carbon Alloys and Plain Carbon Steels,’ Transactions, American Society 
or Metals, Vol. 30, 1942, p. 1). For all bath temperatures between 260 and 108 degrees 


Cent. (500 and 222 degrees Fahr.), this time was 1.1 seconds. 
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On pages 1150 and 1151 mention is made that in many specimens cop. 
siderable decomposition took place at the edges before decomposition started 
in the interior of the specimen. A possible cause of this behavior is the pres. 
ence of a decarburized rim on the rod from which the specimens were cut, [y 
all studies of austempering or martensite formation, we have found it necessary 
to start with a rod whose diameter is about twice that of the specimen used 
in order to insure a uniform carbon content from center to edge of the speci- 
men. Also, the rod should be given a homogenizing treatment of a few hours 
at about 1200 degrees Cent. (2190 degrees Fahr.)} (in an inert atmosphere) jj 
thorough homogeneity is wanted. When these precautions are observed, it js 
possible to produce austempered structures, at least in small specimens, show- 
ing uniform decomposition from center to edge. 

Written Discussion: By N. A. Ziegler and W. L. Meinhart, Research 
Laboratories, Crane Co., Chicago. 

The present discussion is written with the object of producing further evi- 
dence in favor of Carpenter and Robertson’s theory that martensite is formed 
during cooling only. “If cooling stops, the formation of martensite stops” and 
if this stop occurs at a proper temperature, the newly formed martensite and 
the still existing austenite may co-exist in some state of equilibrium for indef- 
nitely long time periods. As pointed out by the authors, the rate of austenite 
decomposition at all temperatures below the eutectoid is so rapid in plain 
carbon steels that observations of the mechanism of martensite formation be- 
come difficult. 

It is quite well known that the addition of certain alloying elements to a 
steel often makes austenite decomposition extremely sluggish so that the re- 
sultant reactions (such as martensite formation) can be obtained with quite 
slow cooling rates. In this respect, reactions in such steels may be compared 
to a slow motion moving picture of processes taking place in other steels. 

An outstanding example of such thermally sluggish steels is the 4 to ( 
per cent chromium, 0.5 per cent molybdenum type.’ In the accompanying dia- 
gram (Fig. A) the upper figure represents the dilatometer curve obtained by. 
a 66.6 degrees Cent. (151.8 degrees Fahr.) per min. cooling rate (air cooling) 
from 1000 degrees Cent. (1830 degrees Fahr.). The next figure is a similar 
curve obtained by 3.3 degrees Cent. (37.9 degrees Fahr.) per min. cooling 
from the same temperature. There is very little difference in the shape ot 
these two curves; the resultant hardnesses are nearly identical and (as shown 
by microexamination) the resultant structures of both specimens are predom- 
inatingly martensitic. This illustrates the thermal sluggishness of this steel. 

The lower curve is a result of an isothermal treatment at, or slightly 
below, the beginning of the suppressed transformation (about 400 degrees 
Cent. or 750 degrees Fahr.). As we have observed on numerous occasions, 
the austenite to martensite reaction in such cases always starts at a rather 
rapid rate, but soon (before it reaches completion) slows down and comes to 
a standstill. In this particular case, within the narrow range of 400 to 38) 
degrees Cent. (750 to 720 degrees Fahr.), the reaction progressed to about 

*The chemical analysis of the steel used in the present experiments is: 0.47 per cem 


silicon, 0.70 per cent manganese, 0.28 per cent carbon, 5.25 per cent chromium, 0.62 pe! 
cent molybdenum, 0.05 per cent aluminum. 
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50 per cent completion in 20 minutes. Since the temperature had been ar- 
rested at 380 degrees Cent. (720 degrees Fahr.), further decomposition of 
austenite was also arrested and was at a standstill for over 15 hours. Under 
such circumstances, martensite and austenite can co-exist for long, if not in- 
definite, time periods. On cooling down from this isothermal treatment, the 
still existing austenite is likewise transformed into martensite at what may be 
designated, for want of a better term, as “under-suppressed transformation.” 
Obviously, in this case, the “isothermal” and the “under-suppressed” martensite 
are one and the same material which cannot be distinguished structurally. 


In conclusion, we would like to compliment the authors on their very excel- 
lent contribution. 


Oral Discussion 


Morrts Conen:* One might expect that the photometric method described 


._ *Assistant professor of physical metallurgy, Massachusetts Institute of Technology, 
Cambridge, Mass. 
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by the authors would be fraught with many difficulties involving the proper 
control of the tempering and etching procedures in order to obtain reproducible 
darkening of the transformation product. The authors not only appreciate; 
these difficulties, but were able. to cope with them. However, because of the 
many assumptions inherent in the calibration between the photometer reading 
and the extent of transformation, the “per cent transformed” values plotted jn 
Figs. 4 to 8 should only be regarded in a semiquantitative sense. Of course 
the dilatometric method used by other investigators is open to similar criticisms 
when any attempt is made to convert changes in length to per cent of trans- 
formation. 

It is interesting to note that the two-stage transformation which the author; 
find on hot quenching to temperatures below 250 degrees Cent. have also been 
reported by Davenport and Bain‘ and by Parke and Herzig’ in the form oj 
dilatometric curves for both plain carbon and alloy steels. From a fundamental 
point of view, the interpretation of the first stage in these two-stage curves 
should be given careful consideration. Previous investigators have generally 
regarded this first stage a part of the isothermal transformation which goes on 
at the hot quenching temperature, the beginning of the first stage being taken 
as the beginning of the isothermal transformation. There is then some dou) 
concerning the significance of the second stage. The present authors, however, 
interpret the first stage as a manifestation of the austenite-martensite trans- 
formation which occurs during the cooling to the hot quenching temperature, 
and which, therefore, is not a part of the isothermal transformation at all. This 
view is quite in line with the ideas which I expressed about two years ago in 
discussing a paper by Greninger and Troiano.° At that time, I proposed that 
the rapid transformation exhibited by dilatometric curves at low holding tem- 
peratures was not indicative of an isothermal reaction, but of martensite being 
formed below the M-point on cooling to the holding temperature. The iso- 
thermal transformation product which does form some time after the specimen 
reaches the holding temperature and which results in the second stage of trans- 
formation (shown by both the dilatometric and photometric techniques) may 
be regarded either as bainite or as a lower carbon type of martensite initiated 
by the isothermal precipitation of carbides out of the supersaturated austenite. 

According to Greninger’s recent paper,’ the evidence is now overwhelming 
that the M-point of plain carbon steels cannot be suppressed even by cooling at 
rates of 4000 degrees Cent. per second. Greninger also shows that it takes a 
full second for a tiny specimen (many times smaller than the specimens used 
by Saunders and Kahles) to cool from an M-point of 300 degrees Cent. (57!) 
degrees Fahr.) to a metal bath temperature of 130 degrees Cent. (265 degrees 
Fahr.) during a hot quench from 820 degrees Cent. (1510 degrees Fahr.). One 
may judge, then, that the specimens hot-quenched by Saunders and Kahles took 
nearly 3 seconds to reach the metal bath temperature, and they are full 


4E. S. Davenport and E. C. Bain, Transactions, American Institute of Mining andl 
Metallurgical Engineers, Vol. 90, 1930, p. 117. 


5R. M. Parke and A. J. Herzig, Metals and Alloys, Vol. 11, No. 1, 1940, p. 6. 
*A. B. Greninger and A. R. Troiano, “Kinetics of the Austenite to Martensite Trans 
formation in Steel,”” Transaqrions, American Society for Metals, Vol. 28, 1940, p. 537. 


7A. B. Greninger, ‘““The Martensite Thermal Arrest in Iron-Carbon Alloys and Plain 
Carbon Steels,’”’ Transactions, American Society for Metals, Vol. 30, 1942, p. 1. 
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justified in regarding any transformation observed within this time interval 
as a manifestation of martensite formation before the specimen even reached 
the holding temperature. By the same token, dilatometer specimens may require 
several seconds to reach the hot quenching temperature, and any observed trans- 
formation found during this time interval should not be considered as an iso- 
thermal reaction. 

The question now arises: Can the lower part of the well-known S-curves 
be modified in such a way as to show that the austenite-martensite transforma- 
tion is not suppressed by rapid cooling and that isothermal transformation does 
set in after a finite period of time if the cooling is stopped within the martensitic 
range? Such an attempt is presented in Fig. B. Here the martensitic temper- 
ature range is represented by a family of horizontal lines, the first being drawn 

















> 
e 
5 
c 
S 
Q 
§ 
S 





M- Point, 


me ape geet 
| ase} iii) | 
| 200 T 50% yt 
Ar* Pn et 
Range » 75 Yo" rT tit | 


100 ——— + 4 444444444 + 444444 + + tr ecee 
j | j 


+4404 + + COUT tii ++ 
rr ett Home nm nm dt emma J ot dt 
0 10 100 1000 10000 100000 
Time, Seconds 


Fig. B 


at the temperature where the martensite begins to form on cooling (the so- 
called M-point), and the other lines being drawn at the temperatures where 
25, 50, 75, and 100 per cent of the austenite have transformed into martensite 
during continuous cooling. These temperatures are taken from Fig. 8 of the 
present paper. Isothermally, these horizontals terminate at the times where 
the isothermal transformations begin (the second stage in Figs. 4 to 6). At 
these points, the horizontals intersect the appropriate C-curves which come 
down from the higher temperatures. The data for the temperatures above 250 
degrees Cent. (480 degrees Fahr.) in Fig. B were taken from the work of 
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Davenport and Bain,* while the data for the temperatures below 250 degrees 
Cent. were taken from the present work by Saunders and Kahles. The match. 
ing is very good, and the resulting diagram looks very much like the schematic 
diagram which L proposed two years ago in my discussion of Greninger and 
Troiano’s paper.” The only difference is the bending back to shorter times oj 
the 25, 50, and 75 per cent C-curves below the M-point. This effect, if real. 
may be due to the acceleration of the initial stages of the isothermal transforma- 
tion by the presence of the martensite formed during the cooling. The modified 
S-curves shown in Fig. B are not far different from the ones originally pub- 
lished by Davenport and Bain for a eutectoid steel, and yet, in the light of the 
interpretation given above, they are now consistent with the fact that the auys- 
tenite-martensite transformation cannot be suppressed. 


Authors’ Reply 


Dr. A. B. Greninger raises quesions of interest. To answer his first ques- 
tion, the authors wish to indicate that samples 131 to 134 are samples trans- 
formed at 122 degrees Cent. (250 degrees Fahr.) for times of %, 1, 2, and 4 
hours respectively. While these particular data do not serve to indicate re- 
producibility according to Dr. Greninger’s assumption, they do serve to show 
how the curve levels off at the plateau. In other words the martensite formed, 
within the limits of the method, during this time interval is the same. In fact 
for this particular isotherm (122 degrees Cent.) the authors found that the 
martensite formation was the same for times of 5 seconds to 44% hours. 
(Fig. 7) 

The authors agree that the curves as drawn may be misleading. They 
were interested in showing how the transformation progressed irrespective of 
whether or not the samples reached the isothermal temperature. In the text of 
the article and in plotting Fig. 8 the assumption was made that at times 
prior to the plateau of the curves the samples had not reached the isothermal 
temperatures. It would have been more desirable to indicate these intentions 
in Figs. 4, 5, 6, and 7. 

Not only is it important to obtain data during the critical period from 
2 to 10 seconds, as Dr. Greninger indicates, but also for much longer time 
intervals and lower temperatures than considered in this first paper. Dr. Gren- 
inger’s remarks pertaining to the methods for avoiding the “edge effect” are 
appreciated. 

Mr. N. A. Ziegler and Mr. W. L. Meinhart present an interesting discus- 
sion especially in light of some planned work the authors have in mind. This 
work requires use of “thermally sluggish” steels. 

The authors find Dr. Morris Cohen’s discussion an interesting correlation 
again of the original “S” curve work and the more recent. pictures of the is0- 
thermal transformation of austenite to martensite. The authors were pleased to 
have provided Dr. Cohen with data to draw a sister curve to the one he included 
in a discussion of the work of Dr. A. B. Greninger and Dr. A. R. Troiano. 


8Loc. cit. 





THE INFLUENCE OF STRESS ON THE CORROSION 
PITTING OF STEEL IN DISTILLED WATER 


By D. J. McApam, JR. ano G. W. GEIL 


Abstract 


Specimens previously corroded in distilled water, with 
or without stress, have been examined to determine the 
effect of stress during corrosion on the form, size, and 
distribution of the corrosion pits. Pits formed in dis- 
tilled water are smaller and shallower than those formed 
in well water. Cyclic stress tends to increase the size and 
relative depth of the pits. Steady stress, if sufficiently 
high, accelerates corrosion pitting im distilled water but 
not appreciably in well water. At sufficiently high stress 
and cycle frequency, crevices or fissures project from the 
initially rounded pits. 

The form, size, and distribution of the corrosion pits 
have been correlated with the lowering of the fatigue 
limit. The lowering of the fatigue limit is much slower 
by corrosion in distilled water than in well water, owing 
to the difference in size and relative depth of the pits. 
Diagrams representing constant total and net damage 
caused by corrosion in distilled water differ greatky from 
those for well water owing to the influence of steady 
stress on corrosion in distilled water. 

A brief discussion is given of the process of stress 
corrosion and of the practical importance of the fact that 
steady stress under some corrosion conditions may ac- 
celerate the pitting of steel. 


INTRODUCTION 


N three previous papers (5), (6), (7)? the authors have pre- 

sented results of investigations of the influence of stress on the 
corrosion pitting of metals in well water. One of these. (7) discussed 
pitting under various corrosion conditions. The present paper gives 
chief attention to the influence of stress on the corrosion pitting of 
steel in distilled water. 


‘The figures appearing in parentheses refer to the bibliography appended to this paper. 


_ A paper presented before the Twenty-third Annual Convention of the 
Society held in Philadelphia, October 20 to 24, 1941. Of the authors, D. J. 
McAdam, Jr., is metallurgist, and G. W. Geil is assistant metallurgist, National 
Bureau of Standards, Washington. Manuscript received May 2, 1941. 
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The lowering of the fatigue limit due to stress corrosion of stee| 
in distilled water was discussed in a previous paper by the senior 
author (2). At that time, however, no investigation had been made 
of the forms and sizes of the corrosion pits and their correlation 
with the cyclic stresses applied during corrosion. Later, through the 
courtesy of the. Director of the U. S. Naval Engineering Experiment 
Station, Annapolis, Md., the specimens that had been used were made 
available for such investigation. This paper gives the results of the 
investigation, and correlates the forms and sizes of the corrosion pits 
with the resultant lowering of the fatigue limit. 


MATERIALS AND MeEtTuHopD oF INVESTIGATION 


The compositions of the steels considered in this paper are given 
in Table I. Specimens corroded in distilled water were nickel steel 


Table I 





Chemical Composition 
Material Designation Carbon Manganese Silicon Chromium Nickel 
3.7 


Nickel Steel IW-W-10 0.28 0.5 0.19 0.26 
Nickel Steel LQ-W-10* oben oat as oneal 


*About the same composition as IW-W-10. 


LOQ-W-10. Those corroded in well water were nickel steel IW-W-10. 
The heat treatment and tensile properties are given in Tables I! 
and IIT. 

Each specimen used in the investigation of the forms and sizes 
of corrosion pits had been subjected to corrosion under a prescribed 
cyclic stress and cycle frequency for a prescribed time, and had then 
been dried, oiled, and subjected to fatigue test in air. The lowering 
of the fatigue limit was used as a measure of the damage due to 
the corrosion. The specimens, which were of the rotating cantilever 





Table Il 
Heat Treatment 


Heat Treatment——————_—. 











Tempera- Tempera- 
ture Time ture Time 
Degrees Held Cooled Degrees Held Cooled 
Material Designation Fahr. Minutes in Fahr. Minutes in 
Nickel Steel IW-W-10* 1450 @ Water 1000 120 Furnace 
Nickel Steel LOQ-W-10 1450 60 Water 1000 120 Furnace 


*Previously heated to 1675 degrees Fahr. for 60 minutes, and cooled in air. 














CORROSION PITTING OF STEEL 


Table Ill 
Tensile Properties of Steels 


Usually these values are the average for at least 4 determinations. : 

“Tohnson’s limit” is the stress at that point on the stress-strain diagram at which 
the tangent is % that at the origin. “Proof stress” is the stress that, after release of 
load, will cause permanent extension of 0.01 per cent. “Elastic limit” is the highest 
stress that, after release of load, will cause no appreciable permanent extension. “Pro- 
portional limit” is the highest stress that will not cause appreciable departure from a 
linear stress-strain relationship. (The smallest divisions of the extensometer scale were 
0.0001 inch but estimate could be made to 0.00002 inch. The extensometer was of a type 
that permitted accurate determination of permanent extension). 


Tensile Johnson’s Proof Elastic Proportional Elonga- » 
Strength Limit Stress Limit Limit tionin Reduction 
Pounds per Poundsper Pounds per Pounds per Poundsper 2Inches of Area 
Nesignations Square Inch SquareInch SquareInch SquareInch SquareInch PerCent Per Cent 


IW-W-10 128,000 114,000 114,600 110,000 94,300 20.6 61.8 
LO-W-10 133,700 121,300 123,300 121,300 106,400 21.0 63.8 





type previously described (1), were conically tapered. They were 
designed so that the maximum stress occurred % inch out from the 
inner fillet, and that the stress varied only about 1% per cent over 
a length of 1% inches. A comparatively large region, therefore, 
could be subjected to simultaneous corrosion and cyclic stress. Views 
of specimens, after corrosion, and subsequent fatigue test, are shown 
in Fig. 9. 

The distilled water used was obtained from the condenser of a 
boiler. Although this water was less pure than a laboratory distilled 
water, its saline content was small in comparison with that of the 
well water (Table IV). 

In studying the corrosion pits, the surfaces of the specimens 
were examined visually and photographed, usually at a magnification 
of about 4. Photographs were made after removal of enough of the 
general rust layer to reveal the corrosion pits, without removal of the 
corrosion products from the pits. The original size of the photo- 
graphic prints, at magnification 4, was sufficient to include all of 
the tapered part of each specimen. The vertical direction in each 
photograph represents the longitudinal direction on the surface of a 
specimen. As the photograph shows a curved surface, the view is 


Table IV 
Composition of Water, Parts per Million 
(Average of values taken at different times) 


Water Solids Alkalinity’ SOs CaO MgO _ pH Value 


Well 540 103 200 18 96 33 7.1 
Distilled 20 12 5 None 0.2 0.8 7.1 


“Alkalinity is expressed in terms of CaCOs. 


ee 
eee 
—— 
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oblique except along the center line, and the obliquity increases toward 
the right and left edges. Typical portions of these photographs have 
been included in this paper. 

The pits were also viewed in longitudinal sections cut ap. 
proximately through the axes of the specimens. Typical micro- 
graphs have been included (magnification & 100, reduced to « 50). 

To insure a correct sectional view of the pits, precautions were 
taken to avoid removal of the corrosion products during polishing. 
The specimens were prepared by the method of dry polishing 
described in a previous paper (5). 


THE LOWERING OF THE FATIGUE Limit DUE TO CORROSION oF 
STEEL WitH AND WITHOUT STRESS 


The Lowering of the Fatigue Limit Due to Stressless 
Corrosion of Steel 


The influence of both stressless corrosion and stress corrosion 
on the fatigue limit is represented by Figs. 1, 2 and 3. Abscissas 
represent durations of corrosion and ordinates represent the fatigue 
limits as determined by subsequent tests without corrosion. From 
these diagrams are derived diagrams of several types representing the 
interrelationship between stress, corrosion time, cycle frequency, and 
total number of cycles, for constant net and total damage. The 
derived diagrams will be discussed after consideration of the results 
of examination of the pitted specimens. 

The uppermost curve in each diagram of Figs. 1, 2 and 3 rep- 
resents the lowering of the fatigue limit due to stressless corrosion 
in distilled water. A curve in diagram D of Fig. 2 and a curve in 
diagram B of Fig. 3 represent the lowering of the fatigue limit due 
to stressless corrosion in well water. This curve, which was ac- 
tually obtained with steel IW-W-10 (5), has been raised slightly so 
as to be comparable with the curves obtained with the slightly 
stronger steel LO-W-10. The curves obtained with well water and 
distilled water thus start at the same ordinate. 

The curve representing stressless corrosion in well'water descends 
rapidly at first, but the slope decreases gradually and the curve 
eventually becomes nearly horizontal. The initial descent is much 
less rapid in the curve representing stressless corrosion in distilled 
water. This curve eventually becomes nearly horizontal, but at 4 
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Fig. 1—Lowering of the Fatigue Limit Due to Corrosion in Distilled Water. 


higher level than that of the curve obtained with well water. Curves 
with decreasing slope have been called “retarded damage” curves. 
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Fig. 2—Lowering of the Fatigue Limit Due to Corrosion in Distilled Water. 


Stressless corrosion curves of very different form are obtained with 
aluminum bronze (6), monel metal (6), stainless steel (4) and nickel 
(4). Each of these curves is nearly horizontal at first and remains 
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_ Fig. 3—Lowering of the Fatigue Limit Due to Corrosion in Distilled 
Water and in Well Water. 


nearly horizontal throughout a long corrosion period. The slope, 


hi WE 


ver, gradually increases and eventually becomes very steep. 


Curves of this form have been called “accelerated damage’”’ curves. 


"he great difference between retarded damage curves and ac- 
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celerated damage curves may be attributed to a difference in th, 
type of control of the corrosion rate. The rate of corrosion of steq 
in well water (5) tends toward cathodic control; that is, toward cop. 
trol of the rate of corrosion by conditions at the cathodes. Although 
at first the rate of corrosion may depend at least partly on condition; 
at the anodes (corrosion pits), it soon depends almost entirely on the 
rate of supply of oxygen to the cathodic areas. Corrosion of aluni- 
num bronze (6), monel metal (6), stainless steel, and nickel, how. 
ever, is anodically controlled. As all these metals give stressle 
corrosion curves of the accelerated damage type, this type probably 
is characteristic of metals that corrode with anodic control. 


The Lowering of the Fatigue Limit Due to Stress Corrosion of Sted 


Under simultaneous corrosion and cyclic stress (Figs. 1 to 3), 
the lowering of the fatigue limit is more rapid than under stressless 
corrosion. At 1450 cycles per minute (Fig. 1A), a stress of only 
4000 pounds per square inch caused the curve to descend consider- 
ably below the curve representing stressless corrosion. This stress 
corrosion curve, like the stressless corrosion curve, is of the retarded 
damage type. With increase in the cyclic stress, the rapidity of the 
descent increases. At sufficiently high stress, the curvature eventually 
is reversed and the curve descends with increasing slope until the 
ordinate reaches zero. The specimen thus fails by fatigue during 
corrosion. At still greater stress, the entire descent of the curve may 
be at an increasing rate (Fig. 1A). 

In the diagram representing 5 cycles per hour (Fig. 3A), the 
curves representing stresses of 50,000 and 40,000 pounds per square 
inch first descend rapidly; the slope then decreases abruptly and be- 
comes less than that of the corresponding portion of the curve rep- 
resenting stressless corrosion. The curve for 50,000 stress then 
descends at an increasing rate. The great retardation of the descent 
of these curves can be attributed to a localized hardening influence 
of the cyclic stress on the metal around the growing. corrosion pits. 
Because of the increasing stress concentration due to the pits, the 
actual stress approached the fatigue limit from below.” Such a 
approach tends to elevate the fatigue limit of the specimen and thus 





*In the experiments represented by these two curves, the actual local stress eventual) 
exceeded the fatigue limit. This is shown by the fact that the nominal fatigue limit eve™ 
tually fell below the stress applied in the corrosion stage. 
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opposes the tendency to lowering of the fatigue limit by the growing 
corrosion pits. At lower stress or at lower cycle frequency, the local 
hardening effect of the cyclic stress is less rapid, and may not keep 
pace with the removal of metal due to the growth of the pits. The 
curve for stress of 35,000 pounds per square inch in Fig. 3A, if 
sufficiently extended, thus might cross the curves for stresses of 
40,000 and 50,000 pounds per square inch. 

A curve similar in form to the curve representing 50,000 pounds 
per square inch (Fig. 3A) is shown in Fig. 4 of a preceding paper 
(5). That curve, however, was obtained by corrosion of steel in 
well water, with a stress of 13,000 pounds per square inch and with 
1450 cycles per minute. The stress under which such a curve is 
obtained evidently tends to decrease with increase in the cycle fre- 
quency, and depends also on the rate of corrosion (kind of water, 
etc.). Within the narrow range of conditions represented by the 
nearly horizontal parts of such curves, the lowering of the fatigue 
limit evidently is not a correct measure of the damage due to cor- 
rosion. 

The influence of cycle frequency on the lowering of the fatigue 
limit by corrosion in distilled water is illustrated in Fig. 3C. The 
curves in this diagram, except the stressless corrosion curve, repre- 
sent the influence of various cycle frequencies, with constant cyclic 
stress (40,000 pounds per square inch). At high cycle frequency, 
the descent of the curve is very rapid. The rapidity of the descent 
decreases with decrease of the frequency to 5 cycles per hour. At 1 
cycle per day, however, the descent is no slower than at 5 cycles per 
hour. The coincidence of the curves representing these two widely 
differing cycle frequencies cannot be attributed to inaccuracy of 
determination of one or both of the curves. A similar coincidence 
has been found for curves (not shown) obtained at the same two 
cycle frequencies, but with cyclic stress 50,000 pounds per square 
inch. The evidence indicates that a curve representing high stress 
is unaltered by decreasing the cycle frequency below about 5 cycles 
per hour, and remains far below the curve representing stressless 
corrosion. In this respect, the diagram in Fig. 3C differs greatly 
'rom a diagram of the same type obtained with well water, 
shown in Fig. 4 of a preceding paper (5). In the diagram obtained 
with well water, the lower the cycle frequency the nearer is the cor- 
responding curve to the curve representing stressless corrosion. The 
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Fig. 4—Constant Net Damage Due to Stress Corrosion in Distilled Water 
and in Well Water. 


cause of this difference in the influence of cycle frequency on the net 
damage in the two kinds of water is discussed later. 
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Fig. 6—Constant Total Damage Due to Stress Corrosion in Well Water. 
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Fig. 7—Constant Total Damage Due to Stress Corrosion in Distilled Water. 
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Fig. 8—Constant Total Damage Due to Stress Corrosion in Distilled 
Water and in Well Water. 
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Fig. 10—Stressless Corrosion, Longitudinal Sections. x 50. A—8 Days. B—19 Days 
C—71 Days. D—175 Days (Continuous Section). 
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Pits CAUSED BY STRESSLESS CORROSION OF STEEL IN 
DISTILLED WATER 


The Forms and Growth of Pits Caused by Stressless Corrosion 


Only four specimens were subjected to stressless corrosion in 
distilled water. As the forms and sizes of the corrosion pits in these 
specimens are more clearly revealed in the longitudinal sections than 
in the surface views, only sectional views are shown (Fig. 10). In 
each sectional view the Wood’s metal, in which the specimen was 
mounted for polishing, shows at the left edge. Fig. 10D shows a 
continuous section reading from top to bottom and from left to right 
in the photograph. During the first few days of corrosion many of 
the pits evidently are roughly hemispherical, like the pits caused 
by stressless corrosion in well water (5). With increase in the cor- 
rosion time (Figs. 10C and 10D), however, the pits become saucer- 
like and then spread along the surface. This tendency to spread is 
greater in distilled water than in well water. 

The growth of the hemispherical pits, however, is slower in 
distilled water than in well water. After 8 and 19 days’ corrosion 


in distilled water (views A and B of Fig. 10), the pits appear smaller 
than after 4.7 days’ corrosion in well water (5). After 175 days’ 
corrosion in distilled water (Fig. 10D), the pits appear smaller than 
some of those found after 100 and 110 days in well water (5). The 
evidence indicates that corrosion pits tend to deepen less and to 
spread relatively more in distilled water than in well water. 


The Effective Stress Concentration Due to Corrosion Pits 


The lowering of the fatigue limit, represented by a curve in 
Figs. 1, 2 and 3, must be attributed to stress concentration around 
corrosion pits. Because of stress concentration, the local stress may 
be above the fatigue limit, when the nominal stress (estimated from 
the applied load and the dimensions of the specimens) is much less. 
The effective stress concentration factor (Ky) due to a corrosion pit 
or any other notch may be denoted by the ratio of the fatigue limit 
of an unnotched specimen to the fatigue limit of the notched speci- 
men. This factor depends not only on the theoretical stress concen- 
tration factor, but also on the metal and on the size of the notch. The 
theoretical stress concentration factor depends entirely on the form 
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and relative size of the notch (size of the notch in relation to the 
size of the specimen). When the notch is small in relation to the 
size of the specimen, the theoretical stress concentration factor de- 
pends almost entirely on the form of the notch. 

For a hemispherical corrosion pit (5) the theoretical stress 
concentration factor is about 2. With increase in the relative 
breadth of a pit (ratio of breadth to depth), the factor decreases 
rapidly and thus is much less for a saucerlike pit than for a hemi- 
spherical pit. With the formation of inward projections from hemi- 
spherical or saucerlike pits, the theoretical factor increases. Because 
of the small size of such projections, however, the effective stress 
concentration factor generally is less than the theoretical factor. The 
size of the entire pit, moreover, may be so small that the effective 
stress concentration factor is negligible (5). 

The available evidence indicates that the discrepancy between 
the theoretical stress concentration factor (K) and the effective 
stress concentration factor (Ky) tends to increase with the steepness 
of the stress gradient. The gradient may even be so steep and narrow 
that the stress peak has practically no effect on the fatigue limit. 
As an index of the steepness of the stress gradient, the authors have 
proposed (5) the expression (K-1)/r, in which “r” is the root 
radius of the notch. Although a sharp projection on a corrosion pit 
may cause a very high value of K, this value is associated with a 
very low value of “r”; such a projection, therefore, gives a very 
high value of (K-1)/r. Consequently, when a projection is small 
in relation to the size of a corrosion pit, the only significant value 
of the theoretical stress concentration factor is that based on the 
general form of the pit. 

The rapid lowering of the fatigue limit during the first few 
days of stressless corrosion in well water (Figs. 2D and 3B) evi- 
dently is due chiefly to the rapid increase in the size of the corro- 
sion pits (5), (7). The less rapid descent of the curve representing 
stressless corrosion in distilled water is due to the slower growth of 
the pits. The higher level of the nearly horizontal portion of this 
curve is due to the fact that pits caused by stressless corrosion i 
distilled water tend to spread more and to deepen relatively less than 
pits caused by corrosion in well water. 
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Pits CAUSED BY STRESS CORROSION OF STEEL IN DISTILLED WATER 


(1) Pitting with Frequency of 1450 Cycles per Minute in 
Distilled Water 





Fig. 11 shows surface views of specimens of nickel steel 
.O-W-10 after corrosion in distilled water under various stresses, 
with frequency of 1450 cycles per minute. All but one of the speci- 
mens that are shown in these surface views are shown also in sec- 
tional views in Figs. 12 and 13. 

In view A of Fig. 11, very short fissures are visible, starting 
from some of the rounded pits.* Even very small round pits, such 
as those in the cluster near the lower right corner of this view, are 
origins of fissures, clearly visible at higher magnification. The early 
start of these fissures may be attributed to the high cyclic stress, 
40,000 pounds per square inch. After somewhat longer time though 
at lower stress (view B), the fissures are further advanced. No 
fissures are visible in views C and D, although prominent fissures 
would have developed during corrosion at the same stresses and for 
the same times in well water (5). Corrosion for much longer times 
in distilled water at much lower stresses, however, has caused 
prominent fissures (views E and F of Fig. 11). | 

Although no fissures are visible in views C and D of Fig. 11, 
crevices are visible in one of the corresponding sectional views, view 
C of Fig. 12. Fissures visible in views B, E, F of Fig. 11. are also 
revealed by sectional views (A and D of Fig. 12, and Fig. 13). The 
evidence indicates that a higher stress or a longer time is required for 
the development of fissures by stress corrosion in distilled water 
than by stress corrosion in well water. 

To facilitate the comparison between the corrosion pits and the 
corresponding net damage, the forms of the pits are classified by 
means of the symbols used to designate the experimental points in 
Figs. 1, 2 and 3. Different symbols are used to designate fissures, 
crevices, and rounded pits. 

The sharp transverse fissures caused by corrosion at 40,000 
pounds per square inch for 0.15 day (Fig. 11A) have lowered the 
fatigue limit from 69,000 to 57,500 pounds per square inch (Fig. 
1A). Although the theoretical stress concentration was large, the 
waa in previous papers (5), (6), (7), the sharp, transversely extended pits visible in 


. € views will be called fissures. The less advanced wedge- shaped pits not visible 
on the surface will be called crevices. A crevice and a fissure thus differ only in degree. 






















Fig. 11—1450 Cycles Per Minute, Outer Surfaces. x 4. A—40,000 Lbs. Per Sa. In. 
0.15 Day. B—35,000 Lbs. Per Sq. In., 0.8 Day. C—15,000 Lbs. Per Sq. In., 5.1 Days 
D—10,000 Lbs. Per Sq In., 16 Days. E—6,000 Lbs. Per Sq. In., 52 Days. F—4,000 Lbs 
Per Sq. In., 149 Days. 
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Fig. 12—1450 Cycles Per Minute, Longitudinal Sections. x 50. A—35,000 Lbs. Per 
in., 08 Day. B—15,000 Lbs. Per Sa. In., 5.1 Days C—10,000 Lbs. Per Sq. In., 1€ 
D—6,000 Lbs. Per Sq. In., 52 Days. 
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Fig. 13—1450 Cycles Per Minute, Continuous Longitudinal Section. x 50. 4,000 Lbs. 
Per Sq. In., 149 Days. 
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. Fig. 14-50 Cycles Per Minute, Outer Surfaces. xX 4. A—60,000 Lbs. Per Sq. In., 
0.5 Day. B—35,000 Lbs. Per Sq. In., 2.5 Days. C—35,000 Lbs. Per Sq. In., 6 Days. D— 


30,000 Lbs. Per Sq. In., 4 Days. E—30,000 Lbs. Per Sq. In., 6 Days. F—25,000 Lbs. Per 
Sq. In., 11 Days. 
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effective stress concentration was small because of the small size of 
the fissures. The larger fissures due to corrosion at 35,000 pounds 
per square inch for 0.8 day evidently caused much greater effectiy, 
stress concentration (Figs. 11B and 12A); as shown in Fig, 14 
this specimen failed by fatigue during corrosion. Much total and ne 
damage also was caused by crevices such as those shown in Fig, 12¢ 
and by fissures such as those shown in views E and F of Fig. 11, jn 
view D of Fig. 12, and in Fig. 13 (Fig. 1A). Considerable ne 
damage, moreover, was caused by the rounded pits and incipient 
crevices shown in view B of Fig. 12. 


Pitting with Cycle Frequency 50 per Minute in Distilled Water 


Surface views of specimens corroded with cycle frequency 50 
per minute are shown in Fig. 14; sectional views are shown in 
Fig. 15. 

After corrosion at 60,000 pounds per square inch for 0.5 day 
and at 35,000 pounds per square inch for 2.5 days, no fissures are 
visible on the surface views (A and B of Fig. 14). No sectional 
views of these specimens are available. The considerable amounts 
of net damage, indicated by the corresponding experimental points 
in Fig. 2A, may be attributed to the influence of the high cyclic stress 
on the size and relative depth of the rounded pits. 

Corrosion (of another specimen) at 35,000 pounds per square 
inch for 6 days (Fig. 14C) has caused very small round pits ar- 
ranged in clusters and in narrow, transversely extended rows. Many 
of these pits are surrounded by irregular shallower areas. In the 
narrow transverse rows, some of the pits appear to have merged to 
form fissures. (The merging of these pits is more clearly seen at 
higher magnification.) Fissures and numerous crevices are visible 
in the sectional view (Fig. 15A). At least one such fissure evi- 
dently developed into a fatigue crack. As shown in Fig. 2A, this 
specimen failed by fatigue during corrosion. 

Corrosion at 30,000 pounds per square inch for 4 days (Fig. 
14D) has caused clusters of very small pits, with surrounding 
shallower areas. These clusters, unlike those shown in view C. 
show little tendency to transverse extension. Corrosion of another 
specimen at the same stress for 6 days (view E) has caused trams- 
versely extended groups of larger pits, with surrounding shallower 
areas. 
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Although merging of the pits to form transverse fissures is not 
evident at this low magnification, it is revealed by the sectional 
views (B and C of Fig. 15). A few very small wedge-shaped pro- 
jections are visible (Fig. 15B) after corrosion for 4 days; after 
corrosion for 6 days at the same stress, the projections have grown 
much larger (Fig. 15C). Nevertheless, the specimen corroded for 
only 4 days showed the greater net damage (Fig. 2A). Somewhere 
in this specimen, a fissure evidently had advanced further than any 
of those shown in Fig. 15C. 

After corrosion at 25,000 pounds per square inch for 11 days, 
a few fissures are visible in the surface view (Fig. 14F) and wedge- 
shaped projections are visible in the sectional view (Fig. 15D). As 
shown in Fig. 2A, such fissures have caused much total and net 
damage. 


Pitting with Cycle Frequency 5 per Hour in Distilled Water 





Fig. 16 shows surface views and Figs. 17 and 18 show sectional 
views of specimens after corrosion at 5 cycles per hour. 

Four of the surface views (Fig. 16) represent results of cor- 
rosion at 50,000 pounds per square inch for times ranging from 4.1 
to 222 days. The corresponding curve of decrease of the fatigue 
limit is shown in Fig. 3A. After corrosion for 4.1 days, the surface 
view (Fig. 16A) shows clusters of small round pits. After cor- 
rosion for 10.5 days (view B), the clusters are more numerous 
and the individual pits are larger. At higher magnification (not 
shown) it may be seen that the pits at the centers of the clusters 
have merged so that they are equivalent to single relatively large 
pits. After corrosion for 62 days (view C), another specimen shows 
broad shallow areas within which a few rounded pits are still visible. 
Some of the areas shown evidently have developed from clusters of 
small round pits. After corrosion for 222 days, (view D), numerous 
transverse fissures have formed within the broad shallow areas. 
Three of these specimens are shown in sectional views (Figs. 17 and 
18). After corrosion for 10.5 days (Fig. 17A), small rounded pits 
are visible, but no crevices. After corrosion for 62 days (view B), 
the rounded pits are much larger and a few incipient crevices are 
visible. After corrosion for 222 days (Fig. 18), the rounded pits are 
still larger, and sharp wedge-shaped ‘fissures have developed. The 
growth of the pits and the development of the fissures account for 
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Fig. 15—50 Cycles Per Minute, Longitudinal Sections. x 50. A—35,000 Lbs. Per 
Sq. In., 6 Days. B—30,000 Lbs. Per Sq. In., 4 Days. C—30,000 Lbs. Per Sq. In., 6 Days 
D—25,000 Lbs. Per Sq. In., 11 Days. 
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Fig. 16—5 Cycles Per Hour, Outer Surfaces. x 4. A—5SO0,000 Lbs. Per Sq. In., 4.1 
ays. B--50,000 Lbs. Per Sq. In., 10.5 Days. C—50,000 Lbs. Per Sq. In., 62 Days. D— 


50,000 Lbs. P. 
Per Sq, adh @ De” 222 Days. E—40,000 Lbs. Per Sq. In., 86 Days. F—30,000 Lbs. 
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Fig. 17—5 Cycles Per Hour, Longitudinal Sections. * 50. A—50,000 Lbs. Per Sq. In. 
105 Days. B—50,000 Lbs. Per Sq. In., 62 Days. C—40,000 Lbs. Per Sq. In., 86 Days. » 
—35,000 Lbs. Per Sq. In., 22 Days. E—30,000 Lbs. Per Sq. In., 6 Days. 
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the increasing damage and eventual fatigue failure during corrosion 
(Fig. 3A). 

The other views in Fig. 17 show only rounded pits. The con- 
siderable amounts of net damage indicated by the corresponding 
curves in Fig, 3A, therefore, must be attributed to the influence of 
the cyclic stress on the size and relative depth of these pits. 


Pitting with Cycle Frequencies 1 per Hour and 1 per Day in 
Distilled Water 























Only one specimen was corroded at 1 cycle per hour. Fig. 2C 
shows the effect of the corrosion pitting on the fatigue limit. No 
photographs of the corrosion pits are shown. The pits in this speci- 
men, however, differ little from the saucerlike pits found after 175 
days’ stressless corrosion (Fig. 10). The considerable net damage 
shown in Fig. 2C indicates that some of the pits caused by the stress 
corrosion are larger and deeper than those caused in about the same 
time by stressless corrosion. 

Corrosion at 1 cycle per day, as shown in Fig. 2D, caused con- 
siderable net damage. No crevices, however, were found in any of 
the corroded specimens. A continuous sectional view of one of these 
specimens is shown in Fig. 19. This view differs little from the view 
of the specimen corroded for 175 days without stress (Fig. 10). To 
account for the net damage shown in Fig. 2D, one may surmise that 
this specimen contained a few pits considerably larger or. relatively 
deeper than those shown in Fig. 10.. As shown in a previous paper 
(5), cyclic stress may have a marked effect on the size of only a few 
of the corrosion pits. 


Differences between Corrosion Pitting in Well Water and 
Distilled Water 











Stressless corrosion during the first few days in either distilled 
water or well water causes roughly hemispherical pits. With increase 
in corrosion time, the pits change to saucerlike form. The pits, 
however, grow more slowly and the change to the saucerlike form 
is more rapid in distilled water than in well water. The pits formed 
in distilled water tend to occur in a relatively few groups, separated 
at first by relatively broad unattacked areas. The distribution thus 
generally differs from the more nearly uniform distribution of pits 
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Fig. 18—5 Cycles Per Hour, Continuous Longitudinal Section. x 50. 50,000 Lbs. 
Per Sq. In., 222 Days. 
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formed in well water (Fig. 9 and reference 5). With increase in the 
time of stressless corrosion, in either distilled water or well water, 
pitting tends to spread along the surface, owing to the formation of 
new anodic regions beneath accumulating corrosion products. The 
relative depth of the pits thus tends to decrease, while the size of the 
individual pits tends to increase. In well water, the individual pits 
remain distinct for a longer time than in distilled water. The greater 
effective stress concentration due to these larger, relatively deeper, 
and more distinct pits, is the cause of the more rapid lowering of the 
fatigue limit due to stressless corrosion in well water. 

Cyclic stress, during corrosion in either distilled water or well 
water, increases the size of the pits and tends to change their form 
and distribution (Fig. 9).* The effect on the distribution in the 
early stages of corrosion, however, evidently is much greater in dis- 
tilled water than in well water. In the early stages of corrosion in 
distilled water, cyclic stress may cause new pits to appear in groups 
around some of the earlier pits. These groups tend to extend laterally, 
sometimes in single rows. Beneath these laterally extended groups, 
crevices or fissures may eventually appear. The tendency to form 
distinct transverse fissures is not so prominent in distilled water as 
in well water (Fig. 9); stress corrosion in distilled water, how- 
ever, has a pronounced tendency to form deep transverse crevices. 
Cyclic stress tends to increase the relative depth of pitting, whether 
or not the influence of the cyclic stress is great enough to cause 
crevices or fissures. 


NET AND ToTAL DAMAGE DUE TO STRESS CORROSION OF STEEL IN 
WELL WATER AND IN DIsTILLED WATER 


Types of Diagrams Representing Net and Total Damage 


From Figs. 1, 2 and 3, other diagrams have been derived to 
represent the interrelationship between stress, corrosion time, cycle 
frequency, and tota! number of cycles, for constant net and total 
damage. These diagrams are shown in Figs. 4 to 8. Diagrams of the 
types shown in Figs. 4 and 5 are shown in a previous paper by the 
senior author (2). Since that time, however, stress corrosion experi- 
ments with steel in distilled water were continued so as to remove all 





s ‘Fig. 9 illustrates the influence of corrosion time and cycle frequency on the develop- 
ent of fissures and on the lowering of the fatigue limit. 
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Fig. 19—1 Cycle Per Day, Continuous Longitudinal Section. < 50. 30,000 Lbs. Per 
Sq. In., 262 Days. 
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uncertainty as to the forms of these diagrams.° The additional in- 
formation thus made available, together with the information ob- 
tained by examination of the corrosion pits, leads to definite con- 
clusions as to the process of stress corrosion of steel in distilled water. 


Diagrams Representing Constant Net Damage Due to Stress 
Corrosion in Well Water and in Distilled Water 






























The diagrams in Figs. 4 and 5 represent the interrelationship be- 
tween stress, corrosion time, and cycle frequency for 15 per cent 
net damage. This amount of net damage is represented by the 
broken line below each stressless corrosion line in Figs. 1, 2 and 3. 
Each of these broken lines is drawn so that the ordinate at any point 
is 85 per cent of the corresponding ordinate of the stressless cor- 
rosion line. The intersections of the broken lines with the stress 
corrosion lines have been used in deriving the diagrams (Figs. 4 
and 5) representing stress corrosion of steel in distilled water. In 
the same figures are composite diagrams representing stress cor- 
rosion of steels in well water. These are taken from a preceding 
paper (5). 

In Fig. 4, the diagrams may be considered to represent plan 
views of three-dimensional diagrams, in which co-ordinates perpen- 
dicular to the plane of the figure would represent stresses in the 
corrosion stage. The curves in this figure thus represent contour 
lines on the surface of the three-dimensional diagrams. Comple- 
mentary views of the three-dimensional diagrams are shown in Fig. 
5. The lines in this figure are constant frequency lines on the sur- 
face, as viewed in the direction of the arrow in Fig. 4. Each of the 
plotted points in Figs. 4 and 5 represents the intersection of a stress 
corrosion line (Figs. 1, 2 and 3), with the broken line representing 
15 per cent net damage. To avoid too much crowding of these 
points, the curves have been separated in Fig. 5A by shifting the 
abscissa scales. The curves thus established have been assembled 
to form the diagram in Fig. 5B. 

In the plan diagram obtained with well water (Fig. 4), all the 
curves approach a horizontal direction. In the diagram obtained 
with distilled water, the curves representing low stresses are similar 


‘These experiments were made with the co-operation of Mr. W. C. Stewart, Metal- 


largist of the U. S. Naval Experiment Station, with the permission of the Director of 
© tation. 
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in form to those obtained with well water. The curves represent. 
ing high stresses, however, change their course and approach a yer. 
tical® direction. These curves, therefore, resemble those of the cor. 
responding diagrams for aluminum bronze and monel metal (6). 
With change in the stress from a high to a low value, however, the 
curves for steel in distilled water, unlike the curves for aluminuy 
bronze and monel metal (6), change gradually in form. Reasons 
for these differences in the form of the diagrams will be given later. 

In the complementary view of the three-dimensional diagram 
for steel in distilled water (Fig. 5B), all the curves except the 
uppermost curve represent views of constant frequency lines on a. 
sloping surface. The derivation and significance of the uppermost 
curve will be discussed later. This diagram, as shown in Fig. 5( 
differs greatly from the diagram for steels in well water. At inter- 
mediate frequencies, 50 cycles per minute, a graph obtained with 
distilled water is nearly straight, and its slope is nearly the same 
as that of the corresponding graph for steel in well water. At low 
and high frequencies, the graphs for steel in distilled water are 
curved (in opposite directions). 

The diagram (Fig. 5C) is much narrower for steel in distilled 
water than for steel in well water. At high frequency, net damage 
evidently is more rapid in well water than in distilled water. At 
low frequency and high stress, net damage is more rapid in dis- 
tilled water. A similar relationship is shown in Fig. 4. 


Diagrams Representing Constant Total Damage Due to Stress 
Corrosion in Well Water and in Distilled Water 


A diagram to represent constant total damage may be derived 
from families of curves of the type shown in Figs. 1, 2 and 3 by 
utilizing the co-ordinates of the intersections of such curves with 3 
given horizontal line. An index of the total damage corresponding 
to this horizontal line is the effective stress concentration factor Kp. 
For any value of Kg, it is possible to develop a three-dimensiond 
diagram representing constant total damage. The co-ordinates 0! 
this diagram are stress, corrosion time, and number of cycles. Suc! 
a diagram evidently may be represented by several two-dimension@l 
views. In plan views (Figs. 6 and 7), the co-ordinates represet! 


®“Vertical” here refers to the two-dimensional diagram, not to the three-dimension 
diagram. 
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corrosion times and numbers of cycles; co-ordinates perpendicular 
to the plane of these figures represents stress during corrosion. Fig. 
8 shows views in the direction of the arrows in Figs. 6 and 7. 

At the right end of each diagram in Figs. 6 and 7, and at the 
left of each diagram in Fig. 8, is a straight boundary line, which 
represents the time necessary to reach the indicated value of Kp 
through stressless corrosion. The course of each curve represents 
the influence of cycle frequency (or total number of cycles) in de- 
creasing the time necessary to cause constant total damage. 

In Fig. 6 are plan diagrams representing constant total damage 
for steel in well water. All the curves in each of these diagrams 
converge to the line representing stressless corrosion. At frequencies 
less than 1 cycle per hour, stresses of 35,000 pounds per square 
inch or less evidently would have no appreciable effect in shorten- 
ing the time necessary to cause constant total damage, and a very 
high stress evidently would be necessary to cause divergence of the 
corresponding curve from the time boundary of the diagram. 

In Fig. 7 are plan diagrams representing constant total damage 
for steel in distilled water. The curves in each of these diagrams, 
unlike the curves in each diagram of Fig. 6, do not approach a 
common vertical asymptote. With the possible exception of curves 
representing low stresses, none of the curves approaches the time 
boundary of the diagram. A diagram of this form evidently indi- 
cates that the influence of stress on corrosion would be about the 
same for all cycle frequencies less than about 1 cycle per day. The 
evidence thus implies that the corrosion pitting of steel in distilled 
water is accelerated by steady stress. 

In the complementary views of the three-dimensional diagrams 
(Fig. 8), each curve represents the influence of the indicated num- 
ber of cycles, with varying stress and corrosion time. Each curve 
represents the influence of stress in shortening the corrosion time 
necessary to cause constant total damage. As indicated by diagrams 
C and D, steady stress of any practicable value would have no ap- 
preciable effect on the damage due to corrosion in well water. As 
indicated by diagrams A and B, however, 1 cycle of stress would 
have nearly as much effect as 104 cycles in shortening the time 
hecessary to cause constant total damage in distilled water. The 
effect of steady stress, therefore, would be represented approxi- 
mately by the curve representing 1 cycle. 
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A Reason for the Complex Form of the Constant Net Damage 
Diagram for Steel in Distilled Water 


The fact that steady stress has considerable effect on the cor. 
rosion pitting of steel in distilled water but has no appreciable effec 
on the corrosion pitting of steel in well water suggests the reasop 
for the great difference in form between the diagrams represent. 
ing constant net damage in distilled water and well water (Fig, 4). 
In the diagram representing stress corrosion in well water, the 
curves tend to become parallel to the axis of abscissas, thus indi- 
cating that net damage in this water depends chiefly on the stress 
and number of cycles, and very little on the corrosion time. In the 
diagram representing stress corrosion in distilled water, in the region 
representing low frequency and high stress, the curves approach a 
vertical direction, thus indicating that here the net damage depends 
chiefly on the stress and corrosion time and very little on the num- 
ber of cycles. The complex form of the diagram representing con- 
stant net damage in distilled water, therefore, may be attributed to 
the simultaneous influence of a stress cycle factor and a stress time 
factor. The stress time factor probably is effective at high as well 
as at low cycle frequencies. The relative importance of this factor, 
however, increases with increase in the stress and with decrease in 
the cycle frequency (or total number of cycles). This factor, con- 
sequently, becomes prominent when the total number of cycles 1s 
small, and is the sole accelerating factor when the stress is steady. 
The influence of a stress time factor evidently is negligible when 
steel is subjected to stress corrosion in well water. Reasons for this 
difference in behavior of steels in the two kinds of water are given 
in the following. 


Tue Process or STRESS CORROSION OF STEEL, AND THE PRACTICAL 
IMPORTANCE OF THE INFLUENCE OF STEADY STRESS ON CORROSION 


In the corrosion experiments with both well water and distilled 
water, each specimen was rotated in a small stream of water, so that 
the specimen was surrounded with a thin layer of previously aerated 
water. The initial rate of corrosion, therefore, probably was limited 
by the conditions at anodic areas. With accumulation of corrosion 
products, however, the rate of corrosion would depend more and 
more on the rate:of diffusion of oxygen through the cathodic coat- 
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ing. With increase in the corrosion time, therefore, the process 
would tend toward almost complete cathodic control. The type of 
control of the initial rate, and the change of control with corrosion 
time, would be qualitatively the same whether the corrosive me- 
dium be well water or distilled water. With distilled water, how- 
ever, there would be a longer period in which the control is anodic 
or in which the rate of corrosion depends on conditions both at 
cathodic and anodic areas. This conclusion is based not only on 
theoretical considerations, but also on the form of the diagram for 
constant net damage (Fig. 4) and on the distribution of corrosion 
pits. In distilled water, the pits tend to appear in a relatively few 
distinct groups. Such a distribution of anodic and cathodic regions 
has some resemblance to the effects of an anodically controlled 
process (6). With increase in corrosion time, the distribution of 
the pits tends to become more uniform. 

Cyclic stress, by increasing the permeability of the coating, tends 
to delay the shift of the process {with increasing corrosion time) 
toward a cathodically controlled process. When the influence of 
cyclic stress is great, therefore, the rate of corrosion depends con- 
siderably on the increased permeability of the anodic coating, and 
the rate thus is influenced by the stress concentration at the anodes 
(corrosion pits). Under these conditions, the cyclic stress affects 
both the size and form of the pits. 

The complex form of the diagram representing constant net 
damage for steel in distilled water (Fig. 4) evidently is due to the 
superposed influences of a stress cycle factor and a stress time fac- 
tor. The stress time factor is equivalent to the influence of a steady 
stress. It cannot be attributed to an influence of the stress on the 
permeability of the coating, but may be attributed to an influence 
of the stress on the solution pressure of the metal. Such an influ- 
ence probably is associated with local plastic deformation of the metal 
in the regions of highest stress concentration, at the anodes. The 
absence of an influence of steady stress on corrosion in well water 
may be attributed to the more rapid trend toward cathodic control. 
With cathodic control, an enhanced solution pressure at anodic areas 
would have little effect on the rate of corrosion. As the plastically 
deformed metal around the corrosion pits is removed by corrosion, 
additional metal would be plastically deformed. The formation and 
removal (especially at low frequencies) probably depend chiefly 
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on the range of stress and on the corrosion time, and very little o, 
the number of cycles. It may be possible thus to account for th. 
influence of a stress time factor on the form of the diagram {o, 
distilled water in Fig. 4, and for the influence of steady stress oy 
the corrosion of steel in distilled water (Figs. 7 and 8). As showy 
in a previous paper (6), steady stress accelerates the corrosion pit- 
ting of aluminum bronze. The rate of corfosion of this alloy j 
anodically controlled. : 

The fact that steady stress may, under some corrosion condi- 
tions, accelerate the corrosion of steel in water, is of considerable 
practical importance. Of special interest is the influence of steady 
stress on the corrosion of steam boilers. It has long been known 
that simultaneous stress and corrosive attack may cause sharp, dee; 
pits in highly stressed parts of boilers, and may thus cause com- 
plete failure. In many instances the corrosive attack is intercrystz|- 
line. To account for such pitting, except possibly that in boiler 
seams, it has generally been assumed that the metal has been sub- 
jected to stress cycles. Intercrystalline cracking in boiler seams ha: 
frequently been attributed to the combined influence of high stress 
and a high concentration of caustic soda. The results of the experi- 
ments described in this paper, however, indicate that there may be 
a number of corrosion conditions under which the rate is acceler- 
ated by steady stress. As the experiments described in this paper 
revealed no evidence of intercrystalline attack, they suggest that too 
much emphasis has sometimes been placed on the location of the 
pits with reference to the grain boundaries. 


SuM MARY 


Specimens previously corroded in distilled water, with or with- 
out stress, have been examined on surfaces and on longitudinal sec- 
tions to determine the form, size, and distribution of the corrosion 
pits as affected by stress during corrosion. The pits formed in dis- 
tilled water are smaller and shallower than those formed in wel 
water. Pits formed in distilled water, moreover, tend to occur 
clusters, whereas this distribution is seldom found after corrosiot 
in well water. 

Cyclic stress tends to increase the size and relative depth of the 
corrosion pits. Steady stress, if sufficiently high, accelerates cor 
rosion pitting in distilled water but not in well water. At sufficiently 
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high stress and cycle frequency, crevices or fissures project from the 
initially rounded pits. Stress corrosion in distilled water tends to 
form crevices, rather than fissures. 

The form, size, and distribution of the corrosion pits have 
been correlated with the lowering of the fatigue limit and with the 
forms of diagrams of various types. The lowering of the fatigue 
limit is much slower by corrosion in distilled water than by corro- 
sion in well water. This difference is due to the difference in size 
and relative depth of the pits. Diagrams representing constant total 
and net damage due to corrosion in distilled water differ greatly from 
those representing damage in well water. This difference is due to 
an influence of steady stress on corrosion in distilled water. At high 
stress and low frequency, or even under steady stress, both the net 
and the total damage due to corrosion in distilled water may even- 
tually exceed that due to corrosion in well water. 7 

A brief discussion is given of the process of stress corrosion 
in distilled water. The accelerating effect of steady stress on cor- 
rosion in distilled water probably is due to an increase of the solu- 
tion pressure in regions of local plastic deformation around corro- 
sion pits. A brief discussion is given of the practical importance of 


the fact that steady stress, under some corrosion conditions, may 
accelerate the corrosion pitting of steel. 

Acknowledgment is made to H. O. Willier for his development 
of the method of polishing and for the careful preparation and pho- 
tographing of the metal specimens. 


Bibliography 


. D. J. McAdam, Jr., “Endurance Properties of Steel: Their Relation to 
Other Physical Properties and to Chemical Composition,” Proceedings, 


oa Society for Testing Materials, Vol. 23, Part II, 1923, p. 


, a McAdam, Jr., “Influence of Water Composition on Stress Corrosion,” 
Proceedings, American Society for Testing Materials, Vol. 31, Part 
II, 1931, p. 259-278. 

. D. J. McAdam, Jr., “Stress Corrosion of Metals,” Proceedings, Ziirich 
Congress, International Association for Testing Materials, Vol. 1, 
1931, p. 228-246. 

» eae McAdam, Jr., “Influence of Stress on Corrosion,” Transactions, 
American Institute of Mining and Metallurgical Engineers, Institute 
of Metal Division, Vol. 99, 1932, p. 282-318. 

De McAdam, Jr., and G. W. Geil, “Influence of Cyclic Stress on the 
Corrosion Pitting of Steels in Fresh Water, and the Influence of 


Stress Corrosion on the Fatigue Limit,” Journal of Research, National 
Bureau of Standards, Vol. 24, June 1940, p. 685-722. 





1198 TRANSACTIONS OF THE A. S. M. December 


6. D. J. McAdam, Jr., and G. W. Geil, “Influence of Stress on the Corrosion 
Pitting of Aluminum Bronze and Monel Metal in Well Water,” Joy. 
nal of — National Bureau of Standards, Vol. 26, Feb, 194) 
p. 135-159. 


7. D. J. McAdam, Jr., and G. W. Geil, “Pitting and its Effect on th 
Fatigue Limit of Steels Corroded under Various Conditions,” Ameri. 
can Society for Testing Materials, Preprint No. 33, presented at annual 
meeting, June 26, 1941. 


DISCUSSION 


Written Discussion: By T. McLean Jasper, Oil and Gas Field Products 
Division, A. O. Smith Corp., Milwaukee. 

There is no doubt that Dr. McAdam has become expert in the study oj 
corrosion fatigue and in the pitting of steel under certain conditions of test. 
From a careful reading of the paper I get the impression that corrosion fatigue 
is tremendously damaging to 3.50 per cent nickel steel in distilled and well 
waters. Figs. 1 to 8 give me the impression that this steel would have a 
endurance limit so low that, for instance, a propeller shaft of this material 
could not exist more than a short period in contact with such waters as the 
authors used. This leads me to ask the authors the question, “Does 3.50 per 
cent nickel steel shafting in actual service follow the dictates of these tests?” 

In my thinking, I have taken the strength of the steel used as 130,00 
pounds per square inch. In a study of Figs. 1 to 8 I have considered that a 
service stress of 13,000 pounds per square inch represents a factor of safety 
of 10; and a stress of 26,000 pounds per square inch represents a factor oi 
safety of 5. This was simply in order to arrive at the practicability of applying 
these tests in a direct manner. Since there is no comparison between the 
relative effect between distilled water and sea water, I am desirous of obtaining 
some idea of the relative value of the two so far as corrosion fatigue 1 
concerned. 

In looking at the heat treatment of the steel specimens which were used, 
I would like to ask whether this is a normal heat treatment for 3.50 per cent 
nickel steel, except, possibly, for small specimens. If my memory is not in 
error, I seem to recall that when I accidentally water-cooled 3.50 per cent 
nickel steel from above its critical point, I encountered a large number of 
quenching cracks which persisted to the extent of rendering useless this steel 
for any further service. No subsequent heat treatment was capable of healing 
the damage I had done. The size of the 3.50 per cent nickel steel accident was 
1% inches thick at one end and tapered down to % inch at the other and was 
about 6 inches wide. 

Since I am an engineer and not a metallurgist, my questions will have, for 
their purpose, the practical application of this method of testing; and I should 
be very grateful if Dr. McAdam would help me to this end. I have no doubt 
that the tests were made with the greatest degree of care; therefore, I feel that 
I want to use them to tell me what to do when I have 3.50 per cent nickel 
shafting in contact with sea water. Should I avoid designing with this steel 
and substitute some other steel? 
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From a welding standpoint we know that 3.50 per cent nickel steel is 
sensitive and difficult to handle. For a similar service and physical property 
requirement we are using a manganese-vanadium steel which we are welding 
with much less difficulty. 

I am presuming that the type of stress will affect the corrosion rate. 
Tension is the type of stress or strain which will increase the corrosion rate, 
and compression will have little or no effect on the corrosion rate. I believe 
that we have sufficient evidence to make this statement. Have the authors any 
results which will tend to confirm or disprove the above statements? 


Oral Discussion 


Davin LanpAu :"_ I would like to ask the speaker if he made any pH deter- 
minations of the water he used? 

Mr. Gert: Yes, the pH was around 7 to 7.2. 

Mr. Lanpau: I suppose you are acquainted with the tests made recently 
in England by Dr. Inglis in connection with the corrosion fatigue resistance of 
Nitralloy steel. The corrosion medium used in the tests was the brackish 
waters of the English Tees river. 
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Fig. A 


An un-nitrided Nitralloy bar tested in these waters showed zero endurance 
limit at stresses even as low as a few thousand pounds per squate inch. When 
the bars were nitrided and tested in the same corrosive medium they showed a 
latigue limit of 56,000. pounds per square inch (25 English tons). 

Inglis also tested the nitrided bars in air, finding .a fatigue limit of prac- 
tically 83,000 pounds per square inch (37 English tons). It is seen, therefore, 
that nitriding raises the corrosion fatigue of Nitralloy from zero (for the 
un-nitrided material) to 56,000 pounds per square inch (when nitrided). Or, 
if we look at this from another angle, corrosion in brackish waters cuts the 
fatigue of Nitralloy down to % of its air fatigue endurance. 


"Industrial applications engineer, The Nitralloy Corporation, New York City. 
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Fig. A shows the S-N curve, of Dr. Inglis, of the nitrided and un-nitrideq 
Nitralloy steel when tested in Tees river water. 

That the nitride case acts as an armor coat against corrosion fatigue has 
been proven some years ago by Johnson and Oberg at the Wright Field. This 
by the way of a partial answer to Mr. Jasper’s question of the kind of high 
tensile steel he might use for the purpose he named. I might add that Johnson 
and Oberg state that even when the nitride case be cut to a depth of 70 per 
cent of its thickness the remaining thickness still resists corrosion to the fy!] 
extent. Dr. Homerberg, by way of caution, suggests that when using nitrided 
steels in places where there may be corrosion effects, as in water pump parts, 
that the nitride case be left in full thickness to obtain the maximum result. 

Of course, nitrided steels do not have the same endurance in corrosion 
fatigue as they have in air, but no high tensile steel has. However, nitride 
Nitralloy possesses the highest fatigue limit in corrosion of any of the known 
high tensile strength ferrous alloys. 

Is that about the experience you have had? MHave you tried any nitrided 
surfaces ? 

Mr. Gert: A series of tests were made with brackish water (Severs 
river water) that was also quite salty, having about one-sixth the salt content 
of sea water. The corrosion damage was somewhat greater than with well 
water. With well water the damage was slightly greater than with the dis- 
tilled water. 

No tests were made with nitrided surfaces. However, the increased cor- 
rosion resistance of the nitrided surface would tend to reduce the corrosion 
damage. 

Mr. Lanpau: You said that your original experiment contained the origi- 
nal bars on which the comparison was made and that they were “oiled”; were 
they ? 

Mr. Gert: As stated in the paper, the specimens were first subjected to 
corrosion at the specified stress, cycle frequency, and corrosion time, and then 
they were dried, oiled, and later subjected to fatigue test in air. 

Mr. LAnpAu: They were beam tested in air? 

Mr. Gert: The specimens were oiled after the corrosion stage to prevent 
any further corrosion before fatigue testing in air. 

Mr. Lanpau: In other words, there was no oxygen attacking those bars. 

Mr. Geir: In this method of testing, the attack of oxygen was limited to 
the stress corrosion stage. 

Mr. Lanpau: Does that mean that the effect of corrosion in connection 
with the distilled water, that the water was not really perfectly pure? 

Mr. Get: The distilled water used was not as pure as laboratory dis- 
tilled water (Table IV). 

Mr. Lanpau: That this distilled water contained perhaps some oxygen’ 

Mr. Gert: To assure the presence of oxygen in the distilled water, the 
following method was used. Air was bubbled violently through the distilled 
water in a tank in order to have the water as nearly saturated with air as pos 
sible before use in the stress corrosion tests. 

Mr. Lanpau: So some of your corrosive effects were due to the effect of 
oxygen, as well as water itself, in other words a combination of water and alt. 
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Authors’ Reply 


Mr. Jasper has raised the question as to whether the 3.50 per cent nickel 
steel in actual service, follows the dictates of these stress corrosion tests. The 
authors wish to’ reply that from tests of this type one may estimate closely 
the service life of articles, such as propeller shafts, made of this steel. Many 
instances are known of the failure of large propeller shafts by fatigue cracking 
due to the stress corrosion. 

The heat treatment of the steel as given in Table II produced no quench- 
ing cracks. No cracks were visible even at high magnification in the specimens 
prior to subjection to the stress corrosion tests. 

The damage caused by the stress corrosion of different steels corroded 
under various conditions has been discussed by the authors in a previous paper.* 
There was very little difference in the stress corrosion of the 3.50 per cent 
nickel steel and carbon steels. The pits in the nickel steel were somewhat 
sharper and more nearly hemispherical in shape than the pits in the carbon 
steels. However, the damage as measured by the decrease in the fatigue limit 
was about the same. 

As all of the tests reported in this paper were made under alternating 
tension and compression, we have no evidence in favor of or against the state- 
ment, presented by Mr. Jasper, that tension is the type of stress or strain 
which will increase the corrosion rate and compression will have little or no 
effect on the corrosion rate. 


tions,” ning and Its Effect on the Fatigue Limit of Steels Corroded Under Various Condi- 
jan ). J. McAdam, Jr. and G. W. Geil, paper presented at annual meeting, American 
~ociety tor Testing Materials, at Chicago, June 1941. 











HARDENABILITY OF SHALLOW HARDENING STEELS 


By C. B. Post, O. V. GREENE AND W. H. FENSTERMACHER 


Abstract 


Part I: A tapered cone test specimen has been de- 
veloped for measuring the hardenability of shallow hard- 
ening steels. The parameter used to designate the harden- 
ability is the cooling rate in degrees Fahr. per second at 
1300 degrees Fahr. (705 degrees Cent.) with which the 
steel must be cooled to attain the critical hardness, or a 
50 per cent martensite-50 per cent troostite structure. 
The rates of cooling at 1300 degrees Fahr. (705 degrees 
Cent.) along the longitudinal axis of the cone specimen 
were experimentally measured. Various methods of eval- 
uating the critical cooling velocity of shallow hardening 
steels by means of the tapered cone specimen are dis- 
cussed. 

Part II: Correlations are shown between the critical 
cooling velocity determined by the tapered cone specimen 
and, 1, average Shepherd disk hardenability numbers 10 
to 16; 2, penetration in 1-tnch, 34-inch and 54-inch round 
bars ; 3, critical cooling velocity determined by the Jominy- 
Boegehold standard and type “L” test bars; 4, the critical 
bar diameter of Grossmann and his associates. Data are 
presented to show that the tapered cone specimen may be 
used in place of a series of round bars to determine the 
severity of quench, etc., of Grossmann. 

Part III: Data are presented to show quantitatively 
the effect of fracture grain size on critical cooling veloc- 
ity. The effect of rate of heating through the critical 
temperature range, 900 to 1300 degrees Fahr. (480 to 705 
degrees Cent.), on the critical cooling velocity is studied 
for 1.10 per cent carbon tool steels. Data are also included 
to show the effect of annealed structure on the resulting 
critical cooling velocity of 1.10 per cent carbon tool steels. 
The annealed structures studied were lamellar, sorbitic, 
fine- and coarse-spheroidized. 


INTRODUCTION 


T the present time users and producers of shallow hardening 
steels employ a number of tests to obtain a quantitative meas 





A paper presented before the Twenty-third Annual Convention of the 
Society held in Philadelphia, October 20 to 24, 1941. 
ciated with the metallurgical department, The Carpenter Steel Co., Reading, Pa. 
Manuscript received May 26, 1941. 


1202 


The authors are ass 





ning 
1eas- 


f the 
ass0o- 
£ Pa. 





1942 HARDENABILITY OF STEELS 1203 





urement of hardenability. Several of these tests are summarized 
in Appendix I. For the purpose of this discussion, it is sufficient 
to note that all of these tests grew from actual applications of shal- 
low hardening steels. In most cases, a definite penetration, or case 
depth, was desired in the fabrication of a tool made from shallow 
hardening steel. Consequently, tests were devised to measure the 
penetration (or hardenability) in a manner which resulted in an 
easy correlation between the test and tool. 

To establish correlations between these various tests is a diffi- 
cult matter because, in the last analysis, not one of the existing 
hardenability tests enables the specific hardenability of a given steel 
to be stated in terms of a fundamental parameter. The hardness 
attained at any point in a tool as a result of heat treating operations 
will depend primarily upon the rate of cooling of the point through 
a certain critical temperature or critical temperature range. The 
fundamental parameter for measuring the degree of hardness at- 
tained is a matter which can be decided only by experiment. Another 
obstacle in correlating the various existing tests with one another 
is to be found in their rather large inherent errors, especially when 
the matter of reproducibility is studied between various observers. 
As an example, it might be pointed out that the Shepherd disk test* 
for determining the hardenability of shallow hardening steels can 
be reproduced with accuracy for steels of extreme shallow penetra- 
tion. This is fundamentally true because of the very narrow grada- 
tion zone between case and core in shallow hardening steels repre- 
sentative of Shepherd disk hardenabilities 9, 10 or 11. However, 
for steels of equivalent Shepherd disk hardenabilities greater than 
about 11 or 12, it will be found that the inherent error is quite large 
in estimating the size of core in any disk close to the critical sec- 
tion. Here the gradation zone between case and core has increased 
to such an extent as to make the estimation of core size in a disk 
of critical thickness a difficult matter. Similar objections may be 
found with any test which relies upon the visual measurement of 
case depth in any section of approximate critical size. For instance, 
the visual measurement of case depth of 34-inch rounds would be 
satisfactory for steels whose hardenability was such as to give a 
clear-cut boundary between case and core, but would lead to variable 
results when the steel was almost hardening through this section. 


___ Several fundamental researches on the subject of hardenability 
“See Appendix I. 
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have used similar, but somewhat different, parameters to specify 
the degree of hardness (or structure) attained by steels as a func. 
tion of the cooling velocity during quenching. H. J. French (1): 
chose the rate in terms of degrees per second at 1330 degrees Fahr 
(720 degrees Cent.), W. Jominy and A. L. Boegehold (2) chose 
the rate in terms of degrees per second at 1100 or 1300 degrees 
Fahr. (595 or 705 degrees Cent.), while the work of Davenport 
and Bain (3) would lead one to suspect the rate of cooling between 
1100 and 900 degrees Fahr. (595 and 480 degrees Cent.) to be 
important in determining the resulting hardness or structure. On 
the other hand, Digges (4) had considered the time spent between 
1100 and 900 degrees Fahr. (595 and 480 degrees Cent.) as a 
fundamental parameter in considering hardenability, while Gross- 
mann and his associates (5) have used the time necessary to reach 
a temperature midway between the quenching and final temperatures 
(the so-called half-temperature time). 

Grossmann and his associates (5) have treated the subject of 
hardenability in a fundamental manner and have developed methods 
by which the severity of quench may be evaluated quantitatively. 
Using these data they have devised methods by which the cross 
sectional Rockwell hardness profiles of round bars may be calct- 
lated, to a first approximation, from the center hardness of a series 
of round bars. The combined work of Grossmann (5) and French 
(1) stands as a demonstration that the somewhat vague term 
“hardenability” means fundamentally the degree of hardness (or 
structure) a given steel is able to attain as a function of the rapidity 
with which the steel is cooled through the critical temperature range. 

It is pertinent to point out that Grossmann and his associates 
(5) have shown the rate at 1000 degrees Fahr. (540 degrees Cent.) 
to give ambiguous results when used as the parameter for measut- 
ing hardenability. However, it can be shown that the experimental 
data of H. J. French (1) leads to a relation between the rate al 
1330 degrees Fahr. (720 degrees Cent.) and the half-temperature 
time used so successfully by M. Grossmann. Likewise, some of the 
data obtained in this research indicate that a relation exists betweet 
the cooling rate at 1300 degrees Fahr. (705 degrees Cent.) and the 
half-temperature time. The cooling rate at 1300 degrees Fab. 
(705 degrees Cent.) will be the fundamental parameter used 


1[he figures appearing in parentheses refer to the references appended to this paper. 
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throughout this work to measure the degree of hardness attained in 
any steel as a result of heat treating. 

The primary object of this investigation was to develop a sim- 
ple and easily interpreted test for measuring the hardenability of 
shallow hardening steels of representative Shepherd disk harden- 
ability numbers 10 through 16.* The parameter used here for meas- 
uring the specific hardenability of these steels is the rate (in degrees 
Fahr. per second) at 1300 degrees Fahr. (705 degrees Cent.) with 
which the steel must be cooled to produce the “critical hardness,” 
;, e., the hardness associated with a 50 per cent martensite-50 per 
cent fine pearlite structure, or the hardness determined from a 
Rockwell hardness-rate of cooling contour where the hardness is 
changing most rapidly with change in cooling rate. For hyper- 
eutectoid steels the critical hardness is R, = 55, and the metallurgi- 
cal significance of critical hardness is enhanced by the fact that this 
hardness marks the boundary between case and core. 

Part I of this article will present the experimental data obtained 
for a tapered cone specimen which is proposed as a fundamental 
test for measuring the hardenability of shallow hardening steels. 
This section will deal with the experimental procedure used for 
determining the rates of cooling at 1300 degrees Fahr. (705 degrees 
Cent.) along the longitudinal center axis of the cone specimen, and 
data regarding the determination of specific hardenability by vari- 
ous methods. 

Part II will deal with experimental correlations between the 
tapered cone test and various other tests for measuring hardenabil- 
ity in use at the present time, such as the Shepherd disks, penetra- 
tion in 3% and 1l-inch diameter round bars, the Jominy-Boegehold 
flat end and type “L” specimens, and the Grossmann method of 
determining critical bar diameter and severity of quench. 

Part III will discuss in a quantitative manner the effect of 
some variables on the specific hardenability of shallow hardening 
steels. These data will consider the effect of grain size on specific 
hardenability, and will be utilized in setting up a test which will 
measure in quantitative terms: 

1—The specific hardenability of shallow hardening steels when 
brine quenched from 1450 degrees Fahr. (790 degrees Cent.), and 
2—The variation of this specific hardenability as a function 


LL 


*See Appendix T. 
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of heat treating temperature from the fracture behavior of the ste¢| 
when treated from higher temperatures. 

The effect of rate of heating through the critical temperatur, 
and the effect of preliminary structures (such as pearlitic, coarsely 
spheroidized, finely spheroidized and sorbitic) on the variation o{ 
specific hardenability will be discussed. 


Part I 
THe TAPERED CONE SPECIMEN 


In choosing any test to evaluate hardenability in terms of some 
fundamental parameter, several conditions must be met. Primarily 
the test must be inexpensive and easy to evaluate, and at the same 
time yield the necessary information to evaluate the hardenability 
in terms of a fundamental parameter. After experimenting with 


(Ht 
1%" 
hn §: 


Fig. 1—Dimensions of Taper Test Specimen. 


specimens involving cones of various degree of taper and with hol- 
low-center cones, it was decided that a comparatively inexpensive 
and simple test could be based upon the test specimen shown in Fig. 
1. Some preliminary data relating to this cone as a hardenability 
test was discussed by Mr. G. V. Luerssen at the Fourth Interchap- 
ter Meeting of the American Society for Metals, May 3, 1940, a 
The Pennsylvania State College. The dimensions of the cone shown 
in Fig. 1 are: 5 inches long by %4-inch diameter at one end and 
1%4-inches diameter at the other. The explicit reasons why this 
tapered cone specimen was chosen will be apparent throughout the 
body of this article. After hardening, the cones are split longitud: 
nally through the centers by means of radiac cuts or by grinding. 
and Rockwell “C” hardnesses determined down the longitudinal ax! 
of the cone. It is understood that the specimens must be kept co 
throughout any grinding operations. The case depth can be meas 
ured at all points on the cross section by means of light acid etch or 
by means of Rockwell contours. The etched longitudinal sect! 
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appearance of cones made from heats of 1.10 per cent carbon tool 
steel equivalent to average Shepherd disk hardenability numbers 
10, 11, 12, 13 and 16° are shown in Fig. 2. The cones shown in 
Fig. 2 were brine quenched from 1450 degrees Fahr. (790 degrees 





Fig. 2—Etched Longitudinal Section of Tapered Cone Specimens Representative of 
Approximate Shepherd Disc Hardenabilities 10, 11, 12, 13 and 16. 


Cent.), ground down to the center longitudinal section, and lightly 
etched. An inspection of Fig. 2 shows that the cone amplifies to a 
comfortable margin the difference in hardenability of steels repre- 
sented in the range of Shepherd hardenabilities 10 to 16. 

For heat treating carbon tool steels of the 1.10 per cent carbon 
type, the furnace atmosphere should contain approximately 4 per 
cent O,, 8.2 per cent CO,, to match the recommended furnace at- 
mosphere used commercially in heat treating tool steels of this type. 
Unless otherwise specified, cone specimens in the experiments which 
follow were placed in a gas fired furnace at temperature. The total 
time of the heating cycle employed was approximately 30 minutes, 
including a 10-minute soak at temperature. The quenching fixture 





. “It is to be understood that this use of the Shepherd disk hardenability numbers is 
uctuded only for the purpose of designating the approximate metallurgical behavior of 
these steels. As pointed out previously, the inherent error in the Shepherd disk test 
is relatively large for steels equivalent to disk numbers greater than 11 or 12. For this 
pr several independent disk tests must be made on steels of equivalent disk harden- 
abilities greater than 11 or 12 to obtain an average number. 
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used in the experiments which follow was a standard 3-inch flushing 
pipe with about a 1-inch overflow of brine at the top of the pipe. 
This flushing pipe stood in a large brine quenching tank. The brine 
solution was 10 per cent NaCl by weight and the temperature of the 
brine flush was room temperature. In quenching cones, it was 
found convenient to flush the specimens with the small end of the 
cone down. 

At this point it would be well to define several terms which 
will be used throughout this article. The first of these terms wil 
have to do with the “critical hardness” and this term will hereafter 
be understood to refer to the hardness on the Rockwell contou; 
curve where the Rockwell hardness is falling most rapidly with 
change in distance. This critical hardness has a metallurgical signi- 
ficance in that it denotes the hardness of a structure composed of 
approximately 50 per cent martensite and 50 per cent fine peazrlite 
Considering the penetration in any specimen, the distance of the 
critical hardness from the surface of the specimen will be found to 
correspond exactly with the innermost distance of the etched case 
from the same surface. Similarly the expression “critical bar diam- 
eter’ will be used in the same manner that Grossmann and his asso- 
ciates (5) use it, i. e., critical bar diameter will indicate the diameter 
of round which will just harden through for any particular severity 
of quench. In other words, it is the size of round bar where the 
etched appearance of the core is just faintly present, if at all, and 
the center hardness of this size round, if it is a hypereutectoid steel, 
will be Rockwell C-55. Another term which must be defined is the 
“equivalent bar diameter” which will refer to the diameter of the 
cone to be associated with any given point on the longitudinal axis 
A consideration of the manner in which heat is conducted from the 
cone during quench shows that heat is conducted from the surface 
of the cone approximately normal to the outside surface. Conse: 
quently, it is advantageous to take the equivalent diameter of the 
cone to be associated with any point on the longitudinal axis as twice 
the distance from this point to the surface of the cone, the line 
being drawn perpendicular to the outside surface. To prevent ai 
biguity, Fig. 3 illustrates schematically this definition of equivalent 
bar diameter when applied to the cone. 

In attempting to determine reproducibility of the cone tes 
several heats of 1.10 per cent carbon tool steel were studied in detall 
Lack of space will not permit showing all of these experiments, bt! 
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‘t can be said that the critical hardness of any given heat of steel 
can be specified as the distance from the tip of the cone within + 
? millimeters. This order of reproducibility is satisfactory for com- 
mercial specifications of hardenability. 

In order to measure the specific hardenability of steel in terms 
of some fundamental parameter, we have taken the parameter to be 
the rate in degrees Fahr. per second at 1300 degrees Fahr. (705 
degrees Cent.) with which the steel must be cooled to attain the 
critical hardness. This cooling velocity will be called hereafter the 


4 


Fig. 3—Illustration of Equivalent 
Cone Diameter. Twice the Distance AB 
is Called the ‘‘Equivalent Cone Diam- 
eter” Associated with the Point B, Dis- 
tant CB from Tip of Cone. 


“critical cooling velocity’. In other words, for 1.10 per cent car- 
bon shallow hardening tool steel, the critical hardness is Rockwell 
C-55, and it is to be understood that the critical cooling velocity is 


the velocity with which a given element of this steel must be cooled 
through 1300 degrees Fahr. (705 degrees Cent.) in order to give a 
structure approximately 50 per cent martensite and 50 per cent fine 
pearlite (troostite). All rates of cooling greater than the critical 
cooling velocity will yield Rockwell hardnesses greater than Rock- 
well C-55 and would appear on an etched section as dark, i. e., within 
the case. All elements of this section having a cooling velocity less 
than the critical cooling velocity would have a Rockwell hardness 
less than Rockwell C-55, and would consequently appear on the 
etched section as part of the core. 

In order to determine the rate of cooling down the longitudinal 
sectional axis of the cone, the following procedure was used: Ther- 
mocouples were inserted in cones made from 32.00 per cent nickel 
steel as shown in Fig. 4. The 32.00 per cent nickel steel was used 
because Scott (6) has shown that it has approximately the same 
thermal diffusivity as austenite. The (24-gage) iron constantan 
thermocouples were not welded in the small cavity because of ex- 
perimental difficulties, but were peened into a small drilled hole at 
the base of the inserted section as shown in Fig. 4. The thermo- 
couple ends were led to a sensitive milliammeter whose response was 
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extremely rapid. The experimental cooling rates were measured 
by laying a stop watch on the top side of the milliammeter and pho- 
tographing both the stop watch and the milliammeter scale simy. 
taneously with a movie camera (16 frames per second). Cooling 
rate data were determined by taking the rate in degrees Fahr, per 






Rubber Double Hole Insulators, ‘Single Hole Insulators, 
Stopper: 0.46" OD. 060" 0D. 







ee 
To Milli~ 
A 
Rubber Tubing . 


Ee Machine Fit:Sections to be Silver-Soldereg 
on Qutside After Thermocouple Bead Penney 
into 1/18” Drilled Hole. 


Fig. 4—Cross-Section of 32 Per Cent Nickel Steel Cone Used For Measuring Kates 
of Cooling Along Center Longitudinal Axis of Cone. 


second at 1300 degrees Fahr. (705 degrees Cent.) for quenching 
temperatures of 1450 and 1650 degrees Fahr. (790 and 900 de- 
grees Cent.). These data may be expressed as a function of the 
distance from the tip of the cone, or may be expressed as a function 
of the equivalent bar diameter of the cone as defined previously. 
Table I shows these experimental results in terms of both distance 
in millimeters from the tip of the cone and the equivalent diameter 
of the cone in inches. These rates are expressed in degrees Fabhr. 
per second at 1300 degrees Fahr. (705 degrees Cent.) for two initial 
temperatures of 1450 and 1650 degrees Fahr. (790 and 900 de- 
grees Cent.). Also shown in Table I are the experimentally deter- 
mined center cooling velocities of round bars expressed in degrees 
Fahr. per second at 1330 degrees Fahr. (720 degrees Cent.) when 
water quenched from 1450 and 1600 degrees Fahr. (790 and 8/0 
degrees Cent.). These latter data are from the experimental re- 
sults of H. J. French (1). A comparison of these two experimental 
sets of data shows that the rates determined here at 1300 degrees — 
Fahr. (705 degrees Cent.) by water quenching from 1450 degrets — 
Fahr. (790 degrees Cent.) are somewhat faster than the rates pub- 
lished by French at 1330 degrees Fahr. (720 degrees Cent.) whet 
water quenched from 1450 degrees Fahr. (790 degrees Cent.). This 
is because the quenching temperature of 1450 degrees Fahr. (7%) 
degrees Cent.) yields cooling curves which are flattened somewhat 
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above the temperature of 1300 degrees Fahr. (705 degrees Cent.), 
yielding slower rates at 1330 degrees Fahr. (720 degrees Cent.). 
These remarks do not hold when the quenching temperature is far 
enough above the two temperatures of 1330 and 1300 degrees Fahr. 
(720 and 705 degrees Cent.) to yield almost straight lines through 
these two temperatures; hence, the agreement between the two sets 
of data at 1330 and 1300 degrees Fahr. (720 and 705 degrees Cent.) 
when quenching temperatures of 1600 and 1650 degrees Fahr. (870 
and 900 degrees Cent.) are considered. Fig. 5 shows the results of 
Table I in graphical form. It is interesting to note the experimental 
agreement between the equivalent bar diameter of the cone and the 
bar diameter of round bars, as far.as heat flow phenomena are con- 
cerned. 


Table I 
Rates of Cooling Along Center Longitudinal Axis of Cone 


Center Cooling Rates 


of Rounds,* 
Diameters Equal to 
(Rate Cone) Rate Equiv. Diam. ot Cone— 
Deg. Fahr. Deg. Fahr. Deg. Fahr. 
Distance Per Sec. at 1300 Equiv- Per Sec. at 1300 Per Sec. at 1330 
from 4 -—Degrees Fahr.—, alent -—Degrees Fahr.—, —Degrees Fahr.—, 
Rd. Tip B.Q. 1450 B.Q. 1650 Diameter B.Q. 1450 B.Q. 1560 B.Q. 1450 B.Q. 1600 
of Cone Degrees Degrees of Cone Degrees Degrees Degrees Degrees 
(Millimeters) Fahr. Fahr. (Inches) Fahr. Fahr. Fahr. Fahr. 
98 87 107 1 95 112 82 107 
73 137 169 % 120 140 iad ies 
61 165 185 % 160 182 143 170 
47 222 240 % 222 247 eee eae 
41 252 292 \, 292 325 245 330 
34 275 320 as aoe oa asia ace 
27 318 365 





"After Experimental Results of H. J. French (1). 








In order to determine the accuracy of the experimental pro- 
cedure, the method of photographing the stop watch and milliam- 
meter was used for determining several rates of cooling of the 
Jominy-Boegehold flat end and type “L” specimens. In order to 
determine the surface cooling rates of the Jominy-Boegehold flat 
end and type “L” specimens, 24-gage iron constantan thermocouples 
were welded to the surface of the Jominy-Boegehold specimens at 
various distances from the water quenched ends. The Jominy- 
Boegehold specimens were made from 32 per cent nickel steel. The 
experimental cooling rates to be associated with the Jominy-Boege- 
hold specimens were measured as outlined above. It is understood 
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Fig. 5—Experimental Rates of Cooling 


Along Longitudinal Axis of Tapered Cone 
Specimen. 





Table Il 
Rates of Cooling Along Surface ‘of eas | Flat End and Type “L” — 








AF lat End -————___, Type “yp? 
Jominy-Boegehold 
Published Rates Jominy-Boegehold 
Deg. Deg. Published Rates 
Fahr. Fahr. Deg. Fahr. 
Rates Per Sec. Per Sec. Rates Per Sec. 
Deg. Fahr. at 1250 at 1300 Deg. Fahr. at 1300 
Per Sec. at 1300 Degrees Degrees Per Sec. at 1300 Degrees 
Degrees Fahr. Fahr. Fahr. Degrees Fahr. Fahr. 
Distance B.Q. B.Q. B.Q. B.Q. Distance B.Q. B.Q. B.Q. 
from 1450 1700 1425 1700 from 1450 1700 1700 
W.Q. End Degrees Degrees Degrees Degrees W.Q. End Degrees Degrees Degrees 
(Inches) Fahr. Fahr. Fahr. Fahr. (Inches) Fahr. Fahr. Fahr. 
4.8 5.75 5 Ska .25 po ae 26 
ne adie Se ; 77 80 54 
8.6 10 8.7 cae / 128 132 115 
ie ee ei ; /, 200 216 210 
14.3 14.7 14 ake 395 aad 370 


23.3 22.5, 21 


tse a es 








that the standard conditions laid out by Jominy-Boegehold, such a: 

height of water column, size of nozzle, etc., were followed. 
Table II shows the experimentally determined cooling rates for 

the flat end and: type “L” Jominy-Boegehold specimens when ¢x- 
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pressed in terms of degrees Fahr. per second at 1300 degrees Fahr. 
(705 degrees Cent.) for initial temperatures of 1450 and 1700 de- 
grees Fahr. (790 and 925 degrees Cent.). Also shown in Table II 
are the experimentally determined rates published by Jominy and 
Boegehold (2). Fig. 6 shows schematically these cooling rates as a 
function of distance from water quenched end for both flat end and 
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Cooling Rate ~Degree Fahr/Sec.at 1300 °F 
S 


Distance fram Quenched End of Jominy-Boegehold 
. Test Bar, 716 Inches 


Fig. 6—Experimental Rates of Cooling Along Sur- 
face ot Jominy-Boegehold Standard and Type “L’’ 
Test Bars. 


type “L” Jominy-Boegehold bars, together with the published rates 
determined by the General Motors Laboratory. An inspection of 
Fig. 6 shows graphically the correlation between these two sets of 
data for the surface cooling rates of the Jominy-Boegehold speci- 
mens. The agreement shown in Fig. 6 between these two sets of 
data is satisfactory. From the agreement shown for the type “L” . 
bar at %4 inch from the water quenched end, it has been established 
that the experimental procedure used here for determining cooling 
rates is accurate to within about 15 degrees per second at a rate of 
approximately 400 degrees per second at 1300 degrees Fahr. (705 
degrees Cent.). 

Considering the longitudinal cross section of the cone, it is 
obvious that a series of quenched cones ranging in critical cooling 
velocity from 100 to 350 degrees per second at 1300 degrees Fahr. 
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(705 degrees Cent.) will exhibit etched case and core patterns which 
indicate the lines of equal cooling velocity on this cross section, 
In other words, the boundary between case and core will indicate 
the critical cooling velocity necessary to attain the critical hardness, 
which in the case of 1.10 per cent carbon tool steels is Rockwell 
C-55. A number of heats were studied for the purpose of obtain. 





6.) BQ. 650% 

Distance from Tip of Cane, Mm. 

0 2 3 #0 50 8 70 8 9 

Y4 Ye Yi Ve Ve Ya Ne 4 the Ye the 1 
Equivalent Diameter of Cone, in. 


Fig. 7—Iso-Rate Lines (Degrees Fahr. Per Second at 1300 
Degrees Fahr.) For Taper Cone Specimen. 


ing a series of constant cooling velocities over this longitudinal cross 
section of the cone. Both the etched appearance of the case and 
core and Rockwell hardness contours taken along various equivalent 
cone diameters were used in order to map out these “‘Isorate lines,” 
i, e., lines of equal cooling velocity. Accumulated data made in this 
manner are shown in Figs. 7-A and 7-B. Fig. 7-A shows the ap- 
pearance of these Isorate lines on the longitudinal cross section of 
the cone for a quenching temperature of 1450 degrees Fahr. (79 
degrees Cent.), while Fig. 7-B applies to a quenching temperature 
of 1650 degrees Fahr. (900 degrees Cent.). It is to be understood 
that the rates shown in Figs. 7-A and 7-B refer explicitly to brine 
quenching. 

It is of interest to show additional evidence that the cooling 
rate and heat flow phenomena to be associated with equivalent bar 
diameters of the cone, as defined above, are almost identical with 
the cooling rates and cooling phenomena to be associated with the 
centers of round bars. This fact may be experimentally demon- 
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strated by brine quenching, from 1450 degrees Fahr. (790 degrees 
Cent.), cones and a series of round bars with variable diameters 
from the same heats. The center hardnesses of the rounds may be 
compared directly with the center hardness of the tapered cone 
specimen. In the following experiment, five (5) heats of steel 








Table Ill 
Analyses of Representative Heats of 1.00 to 1.10 Per Cent Carbon Tool Steels 





Heat Dis Cc Mn Si P Ss Cr Ni 
No. Hardenability § ———————Prer Cent ——_————_,, 
A 10 1.08 * 0.15 0.15 0.014 0.014 0.07 0.03 
B 11 1.10 0.29 0.23 0.015 0.012 0.05 0.05 
e 12 1.11 0.30 0.30 0.016 0.014 0.06 0.03 
D 13 1.10 0.26 0.35 0.018 0.013 0.09 0.04 
E 16 0.97 0.35 0.49 0.018 0.014 0.20 0.05 








representing equivalent average Shepherd disk hardenabilities num- 
bers 10, 11, 12, 13 and 16 were used as outlined above. The analyses 
of these heats are given in Table III. The furnace atmosphere used 
in treating these cones and round bars contained 4 per cent O, and 
8.2 per cent CO,. The cones and rounds were brine quenched from 
1450 degrees Fahr. (790 degrees Cent.). After heat treatment, the 
round bars were sectioned and Rockwell hardnessés determined 
across their cross section, and the cones were ground down to the 
center section and Rockwell hardnesses determined along the longi- 
tudinal axis of the cone. Fig. 8 shows these experimental results. 
It is to be noted that the center Rockwell hardness of the rounds 
and the hardness of the cones along the longitudinal axis are plotted 
as ordinate, and that the equivalent bar diameters of the cones and 
the diameters of the rounds are plotted along the abscissa in Fig. 8. 
The agreement between these two sets of data at the critical Rock- 
well hardness indicates that the cone test may be used in the Gross- 
mann manner to determine the critical bar diameter for shallow 
hardening steels. 

To summarize the application of the tapered cone specimen 
as an instrument for determining the specific hardenability of shal- 
low hardening steels, it has been shown in this section that this 
specific hardenability may be designated by stating the cooling veloc- 
ity with which the steel must be cooled in order to attain the critical 
hardness. In the case of hypereutectoid steels, this critical hard- 
hess corresponds to a Rockwell hardness of C-55. The parameter 
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used here for expressing the cooling velocity is the rate, in degrees 
Fahr. per second, at 1300 degrees Fahr. (705 degrees Cent.). Inas- 
much as the rates, in degrees Fahr. per second, at 1300 degrees Fahr. 
(705 degrees Cent.) have been determined down the longitudinal 
center axis of the cone (see Fig. 5), it is only necessary to deter- 





Equivalent Diameter of Cone ~ Diameter of Bar 


Fig. 8—Comparison of Center Hardness Obtained From Tapered Cone 
Specimens and Round Bars of Various Shepherd Hardenabilities. 


mine the distance of the critical hardness from the tip of the cone 
in order to explicitly state the specific hardenability of a given steel 
in terms of its critical cooling velocity. This distance may be de- 
termined either by grinding the cone to the longitudinal cross section 
and determining Rockwell hardnesses down the longitudinal center 
axis or may be determined merely by lightly etching this longitudi- 
nal section and measuring the distance from tip of the cone to peak 
of the case-core pattern, or if one prefers, the critical bar diameter 
of the steel may be stated for an experimentally determined severity 
of quench. This critical bar diameter is by definition the diameter 
of round which would just harden through at the experimentally 
determined severity of quench employed, and has been previously 
shown to be identically equal to the equivalent bar, diameter of the 
cone at the point on the longitudinal axis where the critical hard- 
ness is located. 
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Part II. 
CorRRELATIONS AMONG VARIOUS TESTS AND TAPERED 
ConE SPECIMENS 


1—Shepherd Disk Numbers: A test in use at the present time 
for measuring the penetration of shallow hardening steels is the 
Shepherd disk test.* This test uses disks which have been oil- 
treated from 1600 degrees Fahr. (870 degrees Cent.), and brine 
quenched at 1420 degrees Fahr. (770 degrees Cent.). A heat of 
shallow hardening steel may thus be represented by a No. 11 harden- 
ability steel. This means that a 33-inch thick disk of this steel will 
just show a core width of gy inch or greater when lightly etched 
on the cross section. It is well known that the penetration of shal- 
low hardening steels is influenced by previous treatments; conse- 
quently the critical cooling velocity employed to designate the harden- 
ability of a heat of steel must be considered as applying to the steel 
and the structure of the steel before brine quenching from 1450 
degrees Fahr. (790 degrees Cent.). Two methods of heat treating 
were used to determine the critical cooling velocity of the heats of 
steel shown in Table III. The steels as received were completely 
spheroidized and it is sufficient to remark that the size of the car- 
bide spheroids were 1.5, 2.8, 2.5, 3.0 and 1.0 microns for steels 
“A”, “B”’, “C”, “D” and “E”, respectively. The critical cooling 
velocities of these steels were determined by brine quenching cones 
from 1450 degrees Fahr. (790 degrees Cent.), grinding these cones 
to flats at the center section, and Rockwell hardnesses determined 
down the center longitudinal axis. The distance of the critical hard- 
ness (R, = 55 for steels “A” through “E”) from the tip of the 
cone was measured and the critical cooling velocity of this point 
read from Fig. 5. The critical cooling velocities of these steels were 
also determined for treatments comprising the preliminary oil treat- 
ing of the cones at 1600 degrees Fahr. (870 degrees, Cent.), fol- 
lowed by reheating to 1450 degrees Fahr. (790 degrees Cent.) and 
brine quenching. Rockwell hardnesses were determined on the cen- 
ter axis of the cones as before. The critical .cooling velocities of 
these steels for the two treatments [B. Q. 1450 degrees Fahr. (790 
degrees Cent.) ; and O. T. 1600 degrees Fahr. (870 degrees Cent.), 


tollowed by B. Q. 1450 degrees Fahr. (790 degrees Cent.)] are 
shown in Table IV and Fig. 9. 


ecumenism 


*See Appendix I. 
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Fig. 9 thus enables the specific hardenability of shallow harden. 
ing steels to be correlated with average Shepherd disk hardenabilit, 
numbers. It is to be remarked that Fig. 9 shows quantitatively the 
effect of a preliminary oil treatment at 1600 degrees Fahr. "(870 


: 
i 
; 


100 200 300 
Critical Cooling Velocity, °F /Sec. at 1300 °F 
Fig. 9—Shepherd Hardenability as a Func- 


tion of Critical Cooling Velocity. 1.00 to 1.10 
Per Cent Carbon Tool Steel. 


degrees Cent.) on the critical cooling velocity. In terms of Shep- 
herd hardenability numbers, this oil treatment at 1600 degrees Fahr. 
(870 degrees Cent.) will decrease the Shepherd hardenability ap- 
proximately by one number, or increase the critical cooling velocity 
approximately 30 degrees per second at 1300 degrees Fahr. (70 
degrees Cent.) for hypereutectoid steels of the 1.10 per cent carbon 
type. This is true of steels having a critical cooling velocity in a 
range of 100 to 350 degrees per second at 1300 degrees Fahr. (70° 
degrees Cent.). 

It is interesting to note that Fig. 9 does not apply to steels 0! 
eutectoid and lower carbon values. In steels of eutectoid carbon 
content, the effect of the preliminary oil treatment at 1600 degrees 
Fahr. (870 degrees Cent.) is to increase the Shepherd hardenability 
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or decrease the critical cooling velocity when compared with the 
hardenability obtained without the pretreatment. These two effects 
have been discussed previously by G. V. Luerssen and O. V. Greene 
(7), and it appears that the most reasonable explanation of these 
effects can be found by considering the carbide solubility. 
2—Penetration in 1-Inch, %-Inch, and %-Inch Round Bars: 
The penetration obtained in various sizes of round bars is often 








Table IV 


Correlation of Shepherd Hardenability Numbers and Critical Cooling Velocity from 
Tapered Cone Test. 1.10 Per Cent Carbon Tool Steel 


Cones O. T. 1600 ty Bt Fahr., 
-—Cones B. Q. 1450 Deg. Fahr.—. _-————B. Q. 1450 Deg. Fah 












Critical Cooling Critical Settee 
Average Distance of Velocity Distance of Velocity 
Shepherd Disk Critical Deg. Fahr. Critical Deg. Fahr. 
Hardenability Hardness from Per Sec. at Hardness from Per Sec. at 
No.* Tip of Cone (mm) 1300 Deg. Fahr. Tipof Cone (mm) 1300 Deg. Fahr. 
10 32/38 260/290 24/29 305/335 
11 40/45 225/250 31/36 270/295 
12 46/52 195/220 37/43 235/265 
13 54/59 170/190 43/49 210/235 
14 56/64 140/160 54/61 165/190 
15 64/72 120/140 61/70 140/165 


73/85 110/135 





"See Appendix L 





used to estimate the hardenability of steel. For the purpose of cor- 
relating the critical cooling velocity of shallow hardening steels and 
the penetration of the case, 54-, 34-, and l-inch diameter round bars 
were made from heats of steel whose critical cooling velocities had 
been determined by means of the tapered cone specimen. In addi- 
tion to the five heats shown in Table III, several other heats cor- 
responding to critical cooling velocities in the range 200 to 325 


degrees per second at 1300 degrees Fahr. (705 degrees Cent.) were 
used. 


















Two treatments of rounds and cones were employed. The first 
treatment consisted in water quenching at 1450 degrees Fahr. (790 
degrees Cent.) the steels as received in the spheroidized condition. 
The other treatment consisted in oil treating the rounds and cones 
at 1600 degrees Fahr. (870 degrees Cent.) followed by brine quench- 
ing at 1450 degrees Fahr. (790 degrees Cent.). 

Thus, for the spheroidized structures brine quenched at 1450 
degrees Fahr. (790 degrees Cent. ), the penetration obtained on the 
cross section of the 34-, 34-, and 1-inch rounds were correlated with 
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the critical cooling velocity of these steels as obtained from th 
tapered cone specimens which had been brine quenched at 1450 ¢&. 
grees Fahr. (790 degrees Cent.). Similarly penetrations were ob. 
tained in rounds oil treated from 1600 degrees Fahr. (870 degree; 
Cent.), and brine quenched at 1450 degrees Fahr. (790 degree 
Cent.), and correlated with the critical cooling velocity as obtained 
in the cone specimens when using the oil treated brine quenche; 
treatment. 
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Equivalent Diameter of Cone (Critical Bar Dia.~Brine Quench) 


Fig. 10—Penetration in Various Sized Rounds 
as a Function of Critical Cooling Velocity. 


The penetrations of the case, expressed in gy inch as a function 
of the critical cooling velocity (degrees per second at 1300 degrees 
Fahr.), are shown in Fig. 10 for the 1l-inch, 34-inch and 5-inch 
round bars. The broken lines shown in Fig. 10 represent the theo- 
retical penetrations computed by the methods of Grossmann using 
critical bar diameters and a severity of quench H = 5. For details 
see Part II, Section 4. An inspection of Fig. 10 shows that the 
experimental data verifies within experimental error the theoretical 


calculations represented by the broken lines. 
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At this time it is well to remark that these experiments verify 
what was to be expected from heat flow phenomena, i. e., it is un- 
necessary to confine oneself to critical cooling velocities as deter- 
mined by any one given treatment, as long as the penetration is 
determined on rounds which have been given the same treatment as 
the specimens used for the determination of the critical cooling 
velocity. In other words, two specimens of steel having different 
critical cooling velocities in the as-received condition might show 
the same penetration if the critical cooling velocity of one of these 
steels were suitably altered by pretreatment. 

3—Jominy-Boegehold Test Specimens—Flat End and Type “L” 
Bars: The flat end Jominy test specimen (2) is inadequate for 
measuring the hardenability of shallow hardening steels. This flat 
end test specimen was designed primarily for carburizing and the 
deep hardening grades of steel. Jominy and Boegehold recognized 
the need for a hardenability test specimen which would be more 
sensitive to small changes in hardenability found in shallow harden- 
ing steels. As a matter of interest, the difference between depth of 
case at the water quenched end amounts to approximately 1-128 inch 
for each average Shepherd disk hardenability number on shallow 
hardening steels. In fact, the depth of case is gy, 15/128 and % 
inch for heats of steel representing critical cooling velocities of 240, 
210 and 175 degrees per second respectively. 

For evaluating the critical cooling velocities of shallow harden- 
ing steels, Jominy and Boegehold (2) developed the so-called type 
“L” bar. This test specimen makes use of a deep cup at the water 
quenched end of the specimens. Consequently, the gradually in- 
creasing wall thickness spreads out the difference in distance of 
critical hardness from the quenched end between steels which have 
critical cooling velocities in the range of 300 to 100 degrees per 
second at 1300 degrees Fahr. (705 degrees Cent.). The experi- 
mentally determined cooling rates at various points on the surface 
of the type “L” bar have been discussed previously in Part I, and 
irom the agreement shown between the Carpenter Steel Labora- 
tories’ and the General Motors Laboratories’ experimentally deter- 
mined rates, it should follow that an agreement can be expected 
between the critical cooling velocity determined on the type “L” bar 
and the critical cooling velocity determined by means of the tapered 
cone specimens, 


A series of type “L” test specimens was hardened in the Jom- 
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iny-Boegehold fixture by brine quenching from 1450 degrees Fahr 
(790 degrees Cent.), using the medium rate of heating through th, 
critical. The series of 1.10 per cent carbon tool steel heats show; 
in Table III were used with the exception of Heat “C”. Lack oj 


Acasa 
—. treme 


Table V 


Comparison of Type “L” Jominy-Boegehold Test Bar and Tapered Cone Specimen 
1.10 Per Cent Carbon Tool Steel 


————Type “L”——__—_—_—_——.,_ -—-Tapered Cone Test— 
Distance of Rate of Cooling Critical Cooling Velocity 
Critical Hardness Deg. Fahr. Per Sec. B.Q. 1450 Deg. Fahr. 
from W.Q. End at 1300 Deg. Fahr. Deg. Fahr. Per Sec. at 
(Millimeters) B.Q. 1450 Deg. Fahr. 1300 Deg. Fahr. 


9.7 255 
12.5 210 
17.7 140 
23.2 95 


material prevented this heat being investigated by means of the type 
“L” bar. Four separate readings of Rockwell hardness as a func- 
tion of the distance from water quenched end were made on each 
type “L” bar. Table V shows the correlation between distance oi 
the critical hardness from the water quenched end of the Jominy- 
Boegehold test specimen and the critical cooling velocity as deter- 
mined by the cooling rates along the surface of the type “L” bar 
shown in Fig. 6. Also included in Table V are the critical cooling 
velocities obtained by means of the tapered cone specimens. 

The results shown in Table V are to be considered only as pre- 
liminary results because of the large discrepancies. Lack of time 
did not permit a more exhaustive study of the type “L” bar and its 
correlation with the tapered cone test. 

4—The Grossmann Method of Determining Critical Bar Dian- 
eters and Severity of Quench: Certain fundamental concepts cor- 
cerning the specific hardenability of steels have been exhaustibly 
studied by Grossmann and his associates (5). Grossmann considers 
the effect of the severity of quench on the penetration obtained 
various sized round bars, and at the same time considers the so 
called critical bar diameter at constant severity of quench. This 
critical bar diameter has more physical significance in hardenability 
studies than the arbitrary selection of any given Rockwell hardness, 
such as might be done in the Jominy-Boegehold tests. The impor 
tance of Grossmann’s work cannot be overemphasized at the pre 
ent time. Grossmann’s greatest contribution to hardenability studies 
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will eventually be associated with the methods he has developed for 
predicting, to a first approximation, the Rockwell contours for vari- 
ous sized rounds when either the center hardness of a group of 
round bars is known at a given severity of quench or when the 
Rockwell contour of a given round bar is known in addition to the 
critical bar diameter and severity of quench. 

Grossmann’s method of analysis places a great deal of empha- 
sis upon the manner in which the penetration of a given steel varies 
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Fig. 11—Penetration in Various Sized Rounds to Determine Severity of Quench. 
1.00 to 1.10 Per Cent Carbon Tool Steel. 


with the bar diameter. From experimental data which show the 
manner in which the penetration varies with the bar diameter, 
Grossmann and his associates have given explicit methods for de- 
termining quantitatively the severity of quench employed. The 
exact numerical procedure used in determining the severity of 
quench will not be repeated here, but data will be presented to show 
that the severity of quench associated with brine quenching speci- 
mens in the 3-inch vertical flushing pipe with about a 1-inch over- 
flow is expressed by H = 5. 

The first step in such a determination of severity of quench is 
to show that the center hardness and penetrations to be associated 
with various diameters of the cones are identically equal to the heat 
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flow phenomena and penetrations obtained in round bars of th 
same diameter. The diameter to be associated with any point along 
the center longitudinal axis of the cone will be referred to here. 
after as the “equivalent bar diameter” as previously defined. The fac; 
that the equivalent bar diameter is almost exactly equal to a round 
bar of the same diameter, as far as heat flow phenomena and pene. 
trations are concerned, is to be found in the experiment shown jy 
Part I. This experiment showed that the critical bar diameters o/ 
five different heats of steel ranging in critical cooling velocity from 
100 to 350 degrees were the same whether determined by the cone 
or by the use of various sized round bars. The next step in the de- 
termination of a numerical value for severity of quench, employed 


Du 
in brine quenching these cones, is to determine as a function of 
D 


bar diameter, where Du — unhardened bar diameter or core dian- 
eter, and D = diameter of round. Fig. 11 shows the penetrations 
obtained by brine quenching from 1450 degrees Fahr. (790 degrees 
Cent.) various sized round bars of heats “B,”’ “C,” and “D,” cor- 
responding to Shepherd hardenability numbers 11, 12 and 13, or 
critical cooling velocities 240, 215 and 180 degrees per second. The 
penetrations obtained in these round bars were determined both 
from Rockwell profiles and from the etched appearance of the case. 
It was found that if Rockwell C-55 was taken to correspond to the 
hardness of the innermost portion of the case, then the two pene- 
trations were identically equal. Similarly, the penetration was ob- 
tained for various equivalent bar diameters along the central axis o! 
the cone. Relationships between core (unhardened bar diameter or 
unhardened equivalent bar diameter) as a function of the diameter 
of the bar (or equivalent bar diameter) for these three steels are 
shown in Fig. 12. Fig. 12 demonstrates the fact that the penetra- 
tion obtained on a round bar is identically equal to the penetration 
obtained at the same equivalent bar diameter of the cone, and there: 
fore makes it possible to use the cone in the same manner one would 
use an infinite number of various sized round bars as in the Gross: 
mann method. 

Fig. 12 may be analyzed in the Grossmann manner to deter- 
mine the severity of quench. It has been found that this analysis 
leads to H-values ranging between 4.5 and 5. Considering the & 
perimental error, involved in this analysis for these types of shallow 
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hardening steels, it is thought that a whole number of H = 5 ex- 
presses the severity of quench appropriate to quenching round bars 
and cones in the 3-inch vertical flushing pipe used in these experi- 
ments (8). 

These experiments may be summarized by stating that the criti- 
cal bar diameter determined from the etched appearance of the 


Heat"B” 


tical Cooling 
Velocity «240 F/Séc. 
BQ. 1450°F 


Veoh Oe 1 


Heat'"D)” 

Critical Cooling 
Velocity 180 /Séc. 
B.Q M50 
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§ 
: 


5 
fquivalent Radius of Cone (Millimeters) 
or Radius of Round Bars 


: Unhardened Radius from Rockwell Profiles, Round Bare. 
-1 ~- - ftched Case, Round Bars. 
; -- -~ -« Rockwell Profiles, Tapered Canes. 


Fig. 12—Severity of Quench by Gross- 
mann’s Method. 


central longitudinal section of the cone is identically equal to the 
critical bar diameter obtained using a finite number of various sized 
round bars. Moreover it has been shown that throughout the range 
of critical cooling velocities, 100 to 350 degrees per second, the heat 
flow phenomena to be associated with any point on the central longi- 
tudinal axis of the cone are the same as those to be found at the 
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center of round bars of equivalent bar diameter. Furthermore, ¢h, 
severity of quench representative of brine quenching in agitate; 
media, such as might be found in the 3-inch vertical brine flushing 
pipe with about a 1-inch overflow, is equivalent to a Severity of 
quench of H = 5. 

It is of interest to show that the Grossmann method of com. 


8 
8 
§ 


Fig. 13—Calculated Rockwell Profiles of 
Various Sized Rounds, Using Center Hardness 
of Cone Test, Heat “B”, Compared With Actual 
Rockwell Profiles. 


puting Rockwell profiles from a limited amount of data yields pro- 
files which lie surprisingly close to the profiles actually obtained by 
experiment. For this purpose consider again cones and round bars 
brine quenched from 1450 degrees Fahr. (790 degrees Cent.) from 
heats “B,” “C” and “D.” Fig. 8 shows the center hardness of the 
tapered cone specimens for heats “B,” “C” and “D,” expressed as 2 
function of equivalent diameter of the cone. From what has beet 
said before, this center hardness curve may be used in the same 
manner as if it had been obtained from the center hardness of 4 
series of round bars of various diameters. | Using these center 
hardnesses as a function of equivalent diameter of cone, and 4 
severity of quench of H = 5, the methods of Grossmann may be 
used for predicting to a first approximation the Rockwell profiles 
for various sized round bars. It is convenient to calculate these 
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Table VI 


of Calculated Rockwell Hardness Profiles of Various Round Bars and 
Compartoas Experimental Profiles 
-—Heat “B’——-, r——Heat “C’——_, cm Heat “p”’—_—_—_,, 
Rockwell “C” Rockwell “*C”’ Rockwell “C” 
(Calculated Rock- (Calculated Rock- (Calculated Rock- 
from Center well from Center well from Center well 
Hardness “a Hardness —" Hardness ~~" 
of Cone Experi- of Cone Experi- of Cone Experi- 
Test)* mental Test)* mental Test)* mental 


40 42 40 44 40 43 
40 40 45 40 44 
41 45 40 40 46 
42 41 43 47 
46 53 65 60 
61 67 67.5 67.5 
68 68 68 68 
42 41 44 47 
42 43 52 51 
46 a 65 59 
59 67 67. 67 
67 67 68 
68 68 68 
68 68 68 
47 62 65 
59 60 66 
65 67 67.5 
67 67. 68 
68 68 68 
68 68 68 
68 68 68 


o 
& 


(Inches) 
l 


cosssfpossesesessecoesesesess$c Ul 
© DNAS Yo oO ON QA & tN 


BBIVKRANARVR 


BVBAKLHRVB 


*After method of Grossmann, Asimow and Urban, using center hardness as a func- 
tion of diameter of bar and computing charts. 


Rockwell profiles for bars of the sizeseshown in Fig. /11, so that a 
direct experimental comparison may be made between the predicted 
and experimental Rockwell profiles. Table VI summarizes these 
calculations, and Figs. 13, 14, and 15 show the comparison between 
the computed and experimental Rockwell profiles. Considering the 
fact that we are dealing with shallow hardening steels, it is sur- 
prising that the methods proposed by Grossmann yield such close 
checks for these points near the surface of round bars. 

To summarize the correlation between the Grossmann method 
of studying specific hardenability and the tapered cone specimen, 
it has been shown: 

1—The critical bar diameter is conveniently found when tap- 
ered test specimens are used as a test for measuring the specific 
hardenability of shallow hardening steels, 

2—The severity of quench appropriate to brine quenching (10 
per cent by weight NaCl—room temperature), in a 3-inch flushing 
pipe with about a l-inch overflow, has been found to be approxi- 
mately H = 5, 


5—The methods proposed by Grossmann for calculating the 
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Rockwell 'G* Hardness 
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Du/D 
Fig. 14—Calculated Rockwell Profiles of 
Various Sized Rounds, Using Center Hardness 
of Cone Test, Heat “‘C’’, Compared With Actual 
Rockwell Profiles. 


Fig. 15—Calculated Rockwell Profiles of 
Various Sized Rounds Using Center Hard 
ness of Cone Test, Heat “D”, Compared 
With Actual Rockwell Profiles. 


Rockwell profiles in various sized round bars from the center hard- 
ness of a series of round bars and at a given severity of quench 
may be successfully employed by using the center hardness of the 
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Table VII 


Iculations to Obtain Penetrations in Various Sized Round Bars as a 
Grosses Sir Function of Critical Cooling Velocity 





Critical _ 
Critical Cooling Velocity _Du_ 

Bar Diam. H=S5 Deg. Fahr. -—————D————_, --Penetrations in gy Inch—, 
(Inches) HD Per Sec. %Inch “%Inch 1Inch ¥% Inch %Inch 1Inch 
v% 1.9 380 0.87 0.90 0.93 2.6 2.4 2.2 
ie 2.19 345 0.68 0.77 0.87 6.4 5.5 4.1 
Y, 2.5 285 0.57 0.71 0.82 8.7 7 5.8 
x 2.82 255 0.41 0.61 0.78 11.9 9.3 7 
54 3.13 220 0 0.49 0.7 Through 12 8.6 
i} 3.43 190 0 0.33 0.68 Through 16 10.2 
VY; 3.75 165 0 0 0.58 Through Through 13.5 
+3 4.05 140 0 0 0.53 Through Through 15 
i 4.4 120 0 0 0.40 Through Through 19 





tapered cone specimen in expressing the results as the center hard- 
ness of the equivalent bar diameter, and using a severity of quench 
H = 5 for brine quenching, 

4—Evidence has been presented to show indirectly that a unique 
relationship exists between the cooling rate at 1300 degrees Fahr. 
(705 degrees Cent.) and the so-called half-temperature time of 
Grossmann. This is inferred from the various experiments shown 
herein, particularly the agreement found in Fig. 10 between experi- 
mental and predicted penetrations obtained in various sized round 
bars as a function of the critical cooling velocity. Thé calculations 
employed in obtaining these predicted penetrations in Fig. 10 are 
summarized in Table VII. 


Part III. 


THe Errect oF SOME VARIABLES IN HEAT TREATMENT ON THE 
SPECIFIC HARDENABILITY OF SHALLOW HARDENING STEELS 


1—Variation of Critical Cooling Velocity with Fracture Grain 
Size: Any test which is concerned with rating the hardenability of 
shallow hardening steels must have as one of its parts the determi- 
nation of the variation of hardenability with treating temperatures. 
Primarily this variation of hardenability with treating temperatures 
must show the manner in which the penetration varies with fracture 
grain size at different heat treating temperatures. In the past, the 
Variation of penetration in various sized round bars, coupled with 
the corresponding fractures of the case at various temperatures (the 
so-called P-F test, see Appendix 1), have been used to evaluate the 


dependency of the hardenability of any given steel on the heat 
treating temperature. 
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In order to study the variation of critical cooling velocity of a 
1.10 per cent carbon tool steel as a function of the fracture grain 
size, all other variables remaining constant, tapered cone specimen; 
were machined from the five heats shown in Table III. To obtain 
various fracture grain sizes, cones were heated to various peak tem. 
peratures and then dropped back to 1450 degrees Fahr. (790 degrees 
Cent.), held there 10 minutes at 1450 degrees Fahr. (790 degrees 
Cent.), and then brine quenched. The peak temperatures ranged 
from 1450 to 1700 degrees Fahr. (790 to 925 degrees Cent.). The 








Table VIII 
Variation of Critical Cooling Velocity with Fracture Grain Size 


Treatment 
2 Hrs. at Ind. Temp. 
Followed by 10-Min. Distance Critical 
Soak at 1450 of Critical Cooling Velocity De 
Degrees Fahr. Hardness (Deg. Fahr. Critical Bar 
B. Q. from Per Sec. at 1300 Diameter Fracture 
Heat No. Deg. Fahr. Tip of Cone Degrees Fahr.) (Inches) Grain Size 
(A) 1450 40.7 250 0.57 84 

242 0.58 
214 
216 
210 
197 
210 
190 
192 
154 
163 
163 
142 
107 
72 
142 
143 
112 
84 
69 


Oo 
BB 


moooorosssssoeoo$s=: 
RSSSSRESIASRSSIIF 


49.7 
54.5 
54.0 
63.4 
60.9 
0.7 
67.4 
80.5 
99.1 
67.6 
67.2 
78.7 
91.2 
00.3 


_ 


cones were held 2 hours at the peak temperature before the tem- 
perature of the cone was decreased to 1450 degrees Fahr. (790 de- 
grees Cent.). After brine quenching from 1450 degrees Fah. 
(790 degrees Cent.) the cones were ground down to the center sec- 
tion, and Rockwell hardnesses taken along the central longitudinal 
axis in order to rate the steel and its treatment in terms of the 
critical cooling velocity as previously defined. 

The fracure grain size was obtained by fracturing the cones 
near the point on the longitudinal axis where the cone specimen 
was just hardening through. 

Table VIII summarizes these results on the variation of critical 
cooling velocity with fracture grain size. The third column gives 
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the distance of the critical hardness from the %4-inch round tip of 
the cone, as obtained from the Rockwell profiles, down the longi- 
tudinal axis of the cone. The fourth column shows the critical 
cooling velocity in terms of degrees per second at 1300 degrees 
Fahr. (705 degrees Cent.). The fifth column shows the critical 
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Fig. 16—Effect of Fracture Grain Size on 
Critical Cooling Velocity, 1.10 Per Cent Carbon 
Tool Steel. 


equivalent bar diameter in inches (previously shown to be the same 
as the critical bar diameter of Grossmann). The sixth column 
shows the fracture grain size near the critical section of the cone. 

Fig. 16 shows the generalized relationships between fracture 
grain size and critical cooling velocity. Fig. 16 was. based on the 
results of Table VIII and a number of data obtained from the 
routine inspection of shallow hardening heats of tool steel (8). 
Also included in Fig. 16 are four additional abscissa scales relating 
to the penetrations in gy inch by brine quenching 34-inch rounds 
from 1450 degrees Fahr. (790 degrees Cent.), 1500 degrees Fahr. 
(815 degrees Cent.) and higher temperatures, such as 1600 de- 
grees Fahr. (870 degrees Cent.), and the penetration in ¢@ inch 
obtained in l-inch round bars by brine quenching from 1450 de- 
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grees Fahr. (790 degrees Cent.). It is to be noted that for a given 
critical cooling velocity the penetration in 34-inch rounds will ¢e. 
pend upon increase in heat treating temperature, even though the 
fracture grain size remains approximately constant. The reasop 
for this may be clearly seen in Fig. 5. Fig. 5 shows, for instance 
that the cooling velocity at the center of a 34-inch round bar op 
brine quenching from 1450 degrees Fahr. (790 degrees Cent.) jg 
160 degrees per second at 1300 degrees Fahr. (705 degrees Cent,). 
while the center cooling velocity on brine quenching from 1650 
degrees Fahr. (900 degrees Cent.) is 190 degrees per second at 
1300 degrees Fahr. (705 degrees Cent.). Thus, the two variables 
the change of cooling velocity with heat treating temperature (frac- 
ture grain size constant) and the variation of critical cooling velo- 
ity with fracture grain size, are implicitly shown in Fig. 16. 

To illustrate the use of Fig. 16 consider the following exam- 
ple: Assume that the hardenability of a shallow hardening heat of 
steel has been rated at “250 degrees per second = critical cooling 
velocity” when the steel is brine quenched from 1450 degrees Fahr. 
(790 degrees Cent.), and further assume that the fracture grain 
size obtained at this temperature was found to be 8%. Referring 
to Fig. 16, a penetration of 9.5/64 inches would be found for this 
steel when brine was quenched from 1450 degrees Fahr. in a %-inch 
diameter specimen. (The heat treatment to be the same as the 
treatment used on the cone for obtaining the critical cooling veloc- 
ity.) Now assume that an additional specimen has been heat treated 
from 1550 degrees Fahr. (845 degrees Cent.), and found to have 
a fracture grain size of 7. Reading from 250 degrees to a fracture 
of 8%, the point “A” is first fixed in Fig. 16. Point “A” will fix 
a curve upon which fracture versus critical cooling velocity relation- 
ship will follow. For a fracture grain size of 7, therefore, the point 
“B” may be found, and the critical cooling velocity for this frac- 
ture will therefore be approximately 205 degrees per second at 1300 
degrees Fahr. (705 degrees Cent.). Reading down from point “B’ 
a penetration of approximately 16/64 inches would be obtained for 
a %-inch round brine quenched from 1550 degrees Fahr. (845 de- 
grees Cent.), using the same heating procedure as used to obtain the 
fracture No. 7. 

Table IX shows the results of a number of routine inspections 
of penetration and fracture numbers obtained in 34-inch rounds 4s 
a function of heat treating temperature (P-F tests on 1.10 per cet 
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Table IX 
Variation of Penetration in %-Inch Rounds as a Function of Fracture Grain Size 
_ Por Average 
Penetration Predicted Shepherd Disk 
“mp. (& Inchon Fracture Predicted Hardenability Hardenability 
Heat Soe No.  Penetrat Disk N No 
No. Deg. Fahr. %-Inch Rd.) 0. enetration isk No. . 
1 1450 17 84 oP 14 14 
= a = _ 10—Deep 10 
2 1450 2 “2° 
: 1500 7 8+ 7.5 
1550 : ¥ _ 
3 90 6 814 wae 10—Deep 10 
ane 6.5 BY, z. 
1550 ee 8 7.5 
— : i, , 11—Deep 11 
4 1450 2 coe 2 
1500 9 8 10 
1550 +. Es 4 . 
] rough 5 
5 os 10.5 8! ; se 13—Shallow 12 
1500 12 7% 12.5 
1550 Through 6% Trace 
ms ae > — 14—Shall 13—D 
6 1450 14. a allow —Deep 
1500 Through 84 19 
1550 Through 7% Through 
1600 Through > Through 14 dimemn “ 
7 1450 12 aot —Shallow 
1500 18 8y4* 14 
1550 Through 74* Trace 
1600 Through 514* Through ‘ ‘ 
8 1450 9.5 9 cae 
1500 11.5 8 11.5 
1550 Through 64 20 
1600 Through 5% Through as oa 
4 1450 12 9 ai 3—Deep —Deep 
1500 16.5 8 16.5 
1550 Through 64 Through 
1600 Through 54 Through “ 
10 1450 11.5 9 ek 13 
1500 14 8% 14 
1550 Through 7% Through 
1600 Through 6% Through - 
11 1450 7.5 84 —— 11 
1500 8 8 9.5 
1550 8.5 7% 11.5 
1600 9.5 6% 14 
12 1450 14.5 9 ae 14—Shallow 14 
1500 Trace 8 Trace 
a Through 7% Through 
Through 6} Through 
13 1450 12 Bi om 13 13 
1500 14.5 8 14.5 
1550 Through 7 Trace 
14 1450 10.5 8 he 12—Deep 11—Deep 
1500 11 8+ 12 
1550 15 7% 15 
; 1600 Through 7 20 
15 1450 15 9 sine 13 14 
1500 16 834 17 
1550 Through 84 Through 
16 1450 9 9 oe 12 12 
1500 11.5 8% 11.5 
1550 16 8 13 
“ 1600 Through 7% 14.5 
. 1450 10.5 9 ms 12—Deep 13 
1500 14 8% 13 
1550 Through 8 15 
‘ 1600 Through 7% 18 
1450 6.5 9 és 11—Shallow 10 
1500 7 8% 8 
1550 x g 9 
1600 8.5 7% 9 
ia Through 7% 
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Table 1X—(Continued) 
Variation of Penetration in %-Inch Rounds as a Function of Fracture Grain Size 


. Average 

Penetration Predicted Shepherd Dis; 

Heat Temp. (& Inchon Fracture Predicted Hardenability Hardenability 
No. Deg. Fahr. %-Inch Rd.) No. Penetration Disk No. i 


19 1450 9 11—Shallow 10 
oh 


7¥% 
9 


8% 
8% 
7a 


10—Deep 


*¥%-inch rounds not oil-treated before brine quench. 


carbon tool steels). Shown in Table IX are the heat treating tem- 
peratures, the penetrations obtained in these 34-inch round spec- 
mens, the fracture number obtained as a function of heat treating 
temperature, and the Shepherd hardenability number. As shown in 
Table IX the predicted penetrations in these 34-inch rounds were 
obtained by using the penetration and fracture number at 145) 
degrees Fahr. (790 degrees Cent.) in conjunction with Fig. 16 to 
determine the penetration as a function of fracture number. The 
agreement shown between the predicted and experimentally deter- 
mined penetrations at the higher temperatures is satisfactory, cor- 
sidering the experimental errors involved in reading the fracture 
numbers and some types of penetrations. A convenient test for 
measuring the specific hardenability of shallow hardening tool steels 
will be as follows: 

1—A determination of the critical cooling velocity (in terms oi 
degrees Fahr. per second at 1300 degrees Fahr.) by brine quench- 
ing from 1450 degrees Fahr. (790 degrees Cent.) by means of a 
tapered cone specimen. It is understood that this critical cooling 
velocity refers to the velocity necessary to attain the critical hardness 
of the steel in question, i. e., the hardness on a Rockwell profile 
curve where the hardness is changing most rapidly with change 
cooling velocity. The critical cooling velocity also refers to the 
cooling velocity with which the steel must be cooled in order to ob 
tain a structure composed of approximately 50 per cent martensite 
and 50 per cent fine pearlite. No pretreatment is necessary. Shal 
low hardening steels are generally received in the completely 
spheroidized condition and this structure is sufficient to give © 
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sistent results by merely brine quenching the steel from 1450 degrees 
Fahr. (790 degrees Cent.). 

2—-Fracture samples may be brine quenched from temperatures 
ranging from 1450 to 1600 degrees Fahr. (790 to 870 degrees 
Cent.) in convenient steps of 50 degrees. The critical cooling 
velocity and fracture number as determined at 1450 degrees Fahr. 
(790 degrees Cent.) may be used to fix the critical cooling velocity 
as a function of fracture grain sizes obtained at higher temperatures. 
In this manner the behavior of the steel in question at higher heat 
treating temperatures may be conveniently specified. 

2—Variation of Critical Cooling Velocity with Rate of Heating 
Through Critical Temperature Range: Several investigators have 
studied the effect of rates of heating through the critical ranges of 
carbon tool steels on the resulting penetration or hardenability (9), 
(10), (11). These results have shown that in some cases a 
fast rate of heating through the critical range of 900 to 1300 de- 
srees Fahr. (480 to 705 degrees Cent.) affects the resulting pene- 
tration or hardenability of 1.10 per cent carbon tool steels, while in 
other cases no effect could be found. It is not the purpose of this 
section of the article to discuss these previous researches. Suffice 
it to say that in our experience we believe that in general a normal 
heat of 1.10 per cent carbon tool steel will show a shallower pene- 
tration when heated rapidly through the critical temperature range 
than the same steel when heated slowly through this same tempera- 
ture range. 

To show quantitatively this effect of rate of heating through 
the critical temperature range on the resulting critical cooling veloc- 
ity of 1.10 per cent carbon tool steels, tapered cone specimens were 
made from two heats of 1.10 per cent carbon tool steel, heats “B” 
and “C.” Qne tapered cone specimen from each of these heats was 
placed in a cold, gas fired semimuffle type furnace and brought to a 
temperature of 1450 degrees Fahr. (790 degrees Cent.) slowly with 
the furnace. The time necessary to reach 1450 degrees Fahr. (790 
degrees Cent.) was approximately 2 to 2% hours. The cones were 
then brine quenched after soaking 5 minutes at the peak tempera- 
ture. One cone from each one of these heats was placed in a large, 
gas fired semimuffle type furnace which was operating at a tem- 
perature of 1450 degrees Fahr. These cones were soaked 10 min- 
utes at temperature and then brine quenched. Also one cone from 
each of these two heats was brought to a temperature of 1450 de- 


1236 TRANSACTIONS OF THE A. S. M. December 


grees Fahr. (790 degrees Cent.) by lead pot heating. In the latte; 
case, the large lead pot was operating at a temperature of 145 
degrees Fahr. (790 degrees Cent.), and immersion of the samples 
did not cause an appreciable drop in the temperature of the lea 
bath. Cones heated in the lead bath were soaked 10 minutes 2t , 
temperature of 1450 degrees Fahr. (790 degrees Cent.), and ther 
brine quenched in the 3-inch vertical pipe flush. These cones wer 
then ground down to the center section and Rockwell hardnesse 
taken down the central longitudinal axis of the tapered specimens 
From these measurements the critical cooling velocity to be assoc. 
ated with each of these methods of heating through the critical were 
obtained. 


Table X 


Effect of Rate of Heating Through Critical Temperature Range on Critical Cooling 
Velocity of 1.10 Per Cent Carbon Tool Steel 


Heat ‘‘B”’, Critical Heat “C”, Critical 
Rate of Cooling Velocity Cooling Velocity 
Heating Through Deg. Fahr. Per Sec. Deg. Fahr. Per Sec. 
900 to 1300 Deg. Fahr. at 1300 Deg. Fahr. at 1300 Deg. Fahr. 
10 deg. Fahr. per min. 215 
150 deg. Fahr. per min. 230 
875 deg. Fahr. per min. 245 


The 32 per cent nickel steel tapered cone specimen shown 11 
Fig. 4 was heated to 1450 degrees Fahr. by each of the above meth- 
ods and the rate of heating through the temperature range 900 to 
1300 degrees Fahr. (480 to 705 degrees Cent.) was obtained by con- 
necting the thermocouple to a recording potentiometer. The ther- 
mocouple bead in these cases was located a distance of 3 inches 
from the tip of the cone. It was found that a rate of approximately 
870 degrees per minute was obtained for the lead pot heating. Simi- 
larly, a rate of heating of approximately 150 degrees per minute 
was obtained for the specimens when placed in the large, gas fired 
furnace operating at temperature. The rate of heating to be assoc 
ated with the specimens brought slowly from room temperature 10 
1450 degrees Fahr. (790 degrees Cent.) with the furnace was vet) 
small compared to the aforementioned two rates—say, approx!- 
mately 10 degrees per minute through the critical temperature rang¢. 

The results of this investigation are given in Table X. 
results of Table X show that in the case of these two heats, “3 
and “C,” the rate of heating through the critical range does afiec' 
the resulting critical cooling velocity of these steels. The different 
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between the critical cooling velocities of 248 degrees per second 
and 215 degrees per second obtained for heat “B” for the fast (870 
degrees per minute) and the slow (10 degrees per minute) rates of 
heating, respectively, is quite appreciable. In terms of Shepherd 
hardenability numbers, this amounts to almost the complete range 
S of a Shepherd hardenability number. Similarly, the difference be- 
tween the critical cooling velocity of 193 degrees per second and 
215 degrees per second, obtained for heat “C” for the fast and slow 
rates of cooling, respectively, is easily outside the experimental er- 
rors of the experiment. 
| The above results show clearly that the rate of heating through 
the critical range of 1.10 per cent carbon tool steels must be con- 
trolled somewhat in order to obtain reproducible results with any 
test for measuring the hardenability of these types of steel. 
3—The Effect of Annealed Structures on the Resulting Critical 
Cooling Velocity of 1.10 Per Cent Carbon Tool Steel: In order to 
show the effect of annealed structure on the resulting critical cooling 
velocity of 1.10 per cent carbon tool steels during hardening, heats 
“C” and “D” (Table III) were treated to develop several different 
annealed structures. The structures were lamellar, sorbitic, fine- 
spheroidized and coarse-spheroidized. 
The lamellar structures were developed by sale material 
from these two heats to a temperature of 1600 degrees Fahr. (870 
§ degrees Cent.), followed by air cooling to room temperature. The 
sorbitic structures were developed by heating to 1600 degrees Fahr. 
(870 degrees Cent.), followed by an oil quench. The fine-spheroid- 
ized structures were developed by oil treating from 1600 degrees 
Fahr. (870 degrees Cent.), followed by a short time anneal at a 
temperature of 1310 degrees Fahr. (710 degrees Cent.). The coarse- 
spheroidized structures were developed by oil treating at 1600 degrees 
Fahr. (870 degrees Cent.), followed by approximately a 10-hour 
soak at 1400 degrees Fahr. (760 degrees Cent.). Fig, 17 shows 
the prehardened structures of heat “C.” The structures developed 


tor heat “D” were very similar to the structures in Fig. 17 and will 
not be shown here. 
































Tapered cone specimens were made from material of heats 
© and “D” having the above structures. These cones were then 
brine quenched from 1450 degrees Fahr. (790 degrees Cent.), after 
soaking 10 minutes at temperature. The cones were then ground 
down to the center section and Rockwell hardnesses determined 
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Fig. 17—Prehardening Structures of Heat “C”. X 1000. A—Lamellar; Air 
Treated 1600 Degrees Fahr. B—Sorbitic; Oil Treated 1600 Degrees Fahr. C—Fi¢ 
Spheroidized; Oil Treated 1600 Degrees Fahr., Annealed 1310 Degrees Fabr. _ 
Coarse-Spheroidized; Oil Treated 1600 Degrees Fahr., Annealed 1400 Degrees Fah: 
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down the longitudinal axis. In this manner the critical cooling veloc- 
ity of cones having the above initial structures was determined. 

The results of the above investigation are shown in Table XI. 
The results of Table XI may be summarized by stating that lamellar, 
sorbitic, fine-spheroidized and coarse-spheroidized structures gave 


Table XI 


Effect of Prehardening Structure on the Critical Cooling Velocity of 1.10 Per Cent 
Carbon Tool Steel. Brine Quenched 1450 Degrees Fahr. 


—_———— Heat “CC” —————_, -—————H eat ““D’”’ ——_,, 
Distance of Distance of 
Critical Critical 
Hardness Critical Hardness Critical 
from Cooling Velocity from Cooling Velocity 
Prehardening Tip of Cone Deg. Fahr. Per Sec. Tip of Cone Deg. Fahr. Per Sec. 
Structure (mm.) at 1300 Deg. Fahr. (mm.) at 1300 Deg. Fahr. 
Lamellar ; 315 39 255 
Sorbitic . 265 43 235 
Fine-spheroidized 255 46 220 
Coarse-spheroidized 54 192 








faster critical cooling velocities in the order as written. It was to be 
expected that the sorbitic structure would give a faster critical cool- 
ing velocity than the fine-spheroidized, and also that the fine-sphe- 


roidized would give a faster cooling velocity than the coarse-spheroid- 
ized (10). The fact that the lamellar structure gave a faster critical 
cooling velocity than the sorbitic, the fine-spheroidized, and the 
coarse-spheroidized structures, seemed to indicate that the relative 
number or density of excess carbides might be the determining fac- 
tor in this effect. Accordingly, the microstructures were etched in 
sodium picrate and the number of carbides per 6.25. x 10+ square 
millimeters counted on each of the above structures after hardening. 
It was found that heat “C” gave 51, 37, 46 and 24 carbides per 6.25 
X 10 square millimeters for the lamellar, sorbitic, fine-spheroidized 
and coarse-spheroidized, as-hardened structures, respectively. Sim- 
ilarly, heat “D” gave 63, 55, 83 and 20 carbides per 6.25 xX 10 
square millimeters for the lamellar, sorbitic, fine-spheroidized and 
coarse-spheroidized, as-hardened structures, respectively. On the 
basis of these data the actual density of excess carbides did not 
determine uniquely the resulting change in critical cooling velocity. 

It is well known that in general troostite grows from the 
boundary of the apparent austenitic grain (12), and therefore the 
cause of the change in critical cooling velocity with prehardened 
structures might lie in the number of carbides in the grain bound- 
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Fig. 18—As-Hardened Structures, Heat “C”, Showing Effect of Pretreatment ™ 
Excess Carbides, 1.10 Per Cent Carbon Tool Steel. X 1000. Pretreatment. A- 
Pearlite. B—Sorbite. C—Fine-Spheroidized. _D—Coarse-Spheroidized. 
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Fig. 19—As-Hardened St “Dp” 

Becene” Pacha ructures, Heat “D’’, Showing Effect of Pretreatment on 

Penine Ee 1.10 Per Cent Carbon Tool Steel. X_ 1000. Pretreatment. A— 
. B—Sorbite. C—Fine-Spheroidized. _D—Coarse-Spheroidized. 
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aries when the steel is being cooled through the critical temperaty, 
range. In the same manner that a liquid solution cannot be super- 
cooled easily if a number of fine crystals are present, so austenit, 
cannot be supercooled easily below the critical temperature range jj 
excess carbides are present in sufficient number and small enough 
size. The main difference between the austenite and liquid solution 
supercooling effects lies fundamentally in the above fact that nody. 
lar troostite generally forms at the grain boundaries and progresses 
into the austenitic grains. A further microinspection was therefore 
made of the above as-hardened structures to see_if the grain bound. 
aries differed appreciably from one another, particularly in the nun. 
ber of excess carbides in the boundaries. 

Fig. 18 shows photomicrographs of the as-hardened structures, 
obtained from heat “C.” Fig. 19 shows photomicrographs of the 
as-hardened structures obtained from heat “D.” A careful exan- 
ination of these photomicrographs will show that the number oj 
excess carbides in the grain boundaries is greater in the lamellar 
structures than in the sorbitic, and similarly the number of excess 
carbides in the grain boundaries of the sorbitic structure is greater 
than that found in the fine- or coarse-spheroidized structures. The 
photomicrographs shown in Figs. 18 and 19 purposely contain some 
troostite in order to show more clearly the presence of these excess 
carbides in the grain boundaries. 

The above experimental data show quite definitely that the an- 
nealed structure exerts a relatively large effect on the resulting 
hardenability of 1.10 per cent carbon tool steel, or what is the same 
thing—exerts a large effect upon the resulting critical cooling veloc- 


ity. 


SUMMARY 


1—A tapered cone specimen has been developed for use in eval 
uating the hardenability of shallow hardening steel. The parameter 
used here for stating quantitatively the hardenability of steel is the 
cooling velocity in degrees per second at 1300 degrees Fahr. (703 
degrees Cent.) with which the steel must be cooled in order to attal! 
the critical hardness. The critical hardness is the point on a Rockwell 
profile curve where the hardness is changing most rapidly with 
change in cooling velocity. 

The rates:of cooling have been experimentally determined {0 
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various points along the central longitudinal axis of the tapered cone 
specimen. The experimental arrangement used in determining these 
rates has been checked by determining the cooling rates along the 
surface of the Jominy-Boegehold standard and type “L” test bars. 
The rates determined experimentally at the center of the cone speci- 
men have been compared with the center cooling of round bars. 

The degree of taper used in the tapered cone test is small enough 
that the tapered cone specimen behaves, within experimental error, 
like a series of round bars whose diameters are equal to the equiva- 
lent diameter of the cones as defined herein. 

The hardenabilities of shallow hardening steels are quantitatively 
rated by brine quenching specimens of the material from 1450 de- 
grees Fahr. (790 degrees Cent.), and subsequently grinding down 
the cone to the center section. Rockwell hardnesses may be taken 
down the longitudinal axis of the cone to obtain the critical cooling 
velocity, i. €., the cooling velocity at the point where the Rockwell 
hardness is changing most rapidly with change in distance along the 
axis of the cone. In the case of hypereutectoid steels, this hard- 
ness is Rockwell C-55. The flat longitudinal section of the cone 
may also be etched to show clearly the case core pattern. The dis- 
tance of the tip of the case-core pattern from the small end of the 
cone may be measured and used in determining the critical cooling 
velocity. A further advantage of the case core pattern is that the 
penetration in various sized round bars, up to and including 1-inch 
rounds, may be directly measured from the etched longitudinal sec- 
tion of the cone. 

2—A preliminary correlation has been shown between average 
Shepherd disk hardenability numbers and the critical cooling veloc- 
ity as determined by the tapered cone specimen. The effect of a 
preliminary oil treatment at 1600 degrees Fahr. (870 degrees Cent.) 
on the critical cooling velocity, when determined by brine quench- 
ing from 1450 degrees Fahr. (790 degrees Cent.), has been quan- 
titatively studied. The effect of an oil treatment is to increase the 
critical cooling velocity approximately 30 degrees per second at 1300 
degrees Fahr. (705 degrees Cent.) for hypereutectoid steels of the 
1.10 per cent carbon type having a critical cooling velocity in the 
range of 100 to 350 degrees per second at 1300 degrees Fahr. (705 
degrees Cent.). 

The penetration obtained in 1-inch, 34-inch and 5-inch round 
bars has been correlated with the critical cooling velocity of the 
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steel. These data are presented in such a manner that if the critic 
cooling velocity of the steel is known, then the penetration in 1-inch, 
¥%-inch and %-inch round bars may be explicitly stated. It has aly 
been shown that the penetration obtained for these various roun; 
bars as a function of the critical cooling velocity follows very closely 
the predicted penetrations obtained by computations using Gros. 
mann’s method of critical bar diameters and a severity of quenc 
H = 5. 

The critical cooling velocity obtained from the tapered con 
specimen has been correlated with the flat end Jominy-Boegehold tes 
specimen. The correlation obtained between the tapered cone spec 
men and the Jominy-Boegehold type “L”’ bar is to be considered only 
as preliminary data because of the discrepancies shown between the 
critical cooling velocity obtained by the tapered cone specimen and 
the critical cooling velocity obtained by the type “L” bar. 

Data are presented to show that the tapered cone specimen may 
be used in the same manner that Grossmann uses a series of round 
bars to determine the critical bar diameter and severity of quench 
of shallow hardening steels. Computations are also made in the 
Grossmann manner, using the center hardness of the tapered cone 
specimen and a severity of quench H = 5 to predict the Rockwell 
profiles obtained in various sized round bars. These computed 
Rockwell profiles are compared with the experimentally determined 
Rockwell profiles of round bars of the same size, and the agreement 
is close, especially at the critical hardness point. These data also 
show indirectly that a unique relationship must exist between the 
cooling rate at 1300 degrees Fahr. (705 degrees Cent.) and the so- 
called “half-temperature” time of Grossmann. 

3—Quantitative data are presented to show the effect of frac 
ture grain size on the resulting critical cooling velocity of shallow 
hardening 1.10 per cent carbon tool steels. These experiments art 
conveniently summarized so that the critical cooling velocity may be 
determined from fracture grain size alone, providing the critic 
cooling velocity and fracture grain size at some one temperature att 
known. These data are also extended so that the penetration 0b- 
tained in 34-inch round bars at various temperatures may be 0 
tained from the fracture grain sizes at these temperatures, provit 
ing the critical cooling velocity and fracture grain size are know! 
at 1450 degrees Fahr. (790 degrees Cent.). It is suggested that? 
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convenient test for measuring quantitatively the hardenability of 
shallow hardening tool steels be as follows: 

(a) A determination of the critical cooling velocity in terms 
of degrees per second at 1300 degrees Fahr.. (705 degrees Cent.) 
by brine quenching a tapered cone specimen from 1450 degrees 
Fahr. (790 degrees Cent.), and 

(b) Fracture samples may be brine quenched from tempera- 
tures ranging from 1450 to 1600 degrees Fahr. (790 to 870 degrees 
Cent.) in convenient steps of 50 degrees. Critical cooling velocity 
and fracture number as determined at 1450 degrees Fahr. (790 
degrees Cent.) may be used to fix the critical cooling velocity as a 
function of fracture grain sizes obtained at the higher temperatures. 

Quantitative data are also presented to show the variation of 
critical cooling velocity with the rate of heating through the criticahs 
temperature range. It is demonstrated that in the case of two 
heats of 1.10 per cent carbon tool steel, the faster the rate of heat- 
ing through the critical temperature range, the faster the critical 
cooling velocity. These results show clearly that the rate of heat- 
ing through the critical range of 1.10 per cent carbon tool steels 
must be controlled somewhat in order to obtain reproducible results 
with any test for measuring the hardenability of these types of steel. 

The tapered cone specimen was also used to detetfmine quanti- 
tatively the effect of annealed structures on the resulting critical 
cooling velocity of 1.10 per cent carbon tool steel when brine 
quenched from 1450 degrees Fahr. (790 degrees Cent.). It was 
found that lamellar, sorbitic, fine-spheroidized and coarse-spheroid- 
ized structures gave faster critical cooling velocities in the order as 
written. It was found that the actual density of excess carbides in 
the as-hardened structures did not uniquely determine the resulting 
change in critical cooling velocity, but rather that the effect should 


be ascribed to the actual density of excess carbides in the as-hardened 
grain boundaries. 
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APPENDIX I 
SHEPHERD Disk HARDENABILITY TEsT (13) 


The hardenability of shallow hardening steels is determined ly 
brine quenching slabs of various thicknesses in a special spray. These 
slabs are sectioned after hardening with a thin grinding wheel and 
etched to show depth of hardening. The hardenability is reported 
as the number of 32nds of an inch thickness of the thinnest sla) 
which shows a core width of gz inch or larger. 

(a) Prehardening Treatment: Slabs are heated 40 minutes 4 
1600 degrees Fahr. (870 degrees Cent.), and oil quenched. Scale i 
removed from slabs. 
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(b) Hardening Operation: A final hardening consists of brine 
quenching slabs from 1420 degrees Fahr. (770 degrees Cent.). Slabs 
are heated in a gas fired lead pot, using a 20-minute heating cycle. 
A thermocouple is inside the lead pot. 

(c) Quenching Operation: Standard equipment for this type 
of spray is supplied by Ingersoll-Rand Company, Phillipsburg, N. J. 


P-F (PENETRATION-FRACTURE) TEsT (14) 


This test consists in hardening in brine four (4) samples ma- 
chined to 3% inch round by 3 inches long. One round each is 
treated from 1450, 1500, 1550 and 1600 degrees Fahr. (790, 815, 
845 and 870 degrees Cent.). Each round is notched in the middle 
and fractured by impact. One-half of each is examined for grain 
size of the case by comparison with a standard set of Shepherd frac- 
tures. Penetration tests are made on the other half of each by 
srinding and polishing, followed by etching 3 minutes in 1:1 HCl 
solution at 180 degrees. The hardness penetration is measured in 
aths of an inch. 

For the penetration-fracture tests recorded in this article, the 
rounds were pretreated by oil quenching from 1600 degrees Fahr. 
(870 degrees Cent.), after a soak of 40 minutes at! temperature, 
unless otherwise stated. Hardening was done by using a 25-minute 
heating cycle for each temperature. 


DISCUSSION 


Written Discussion: By Thomas G. Digges, metallurgist, National 
Bureau of Standards, Washington, D. C. 

The tapered cone specimen used by Messrs. Post, Greene and Fenster- 
macher should find a wide application in the routine testing of the hardenability 
of shallow hardening steels. 

The authors show that the critical cooling velocity of 1.10. per cent carbon 
steels varies with the initial structure of the steel and they ascribe this effect 
to the density of excess carbides in the grain boundaries. At present the writer 
is studying the influence of initial structure and rate of heating on the 
austenitic grain size established at different temperatures in carbon steels and 
high-purity alloys of iron and carbon. These tests have not progressed to the 
stage where definite conclusions can be made. However, the results already 
obtained show that under certain conditions both the initial structure and rate 
ot heating have a marked effect on the austenitic grain size of the steels and 


alloys. As shown by the authors and others the austenitic grain size has a 
Pronounced effect on hardenability. 
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Have the authors considered the possibility that the results of their exper. 
ments showing the variation of critical cooling velocity with fracture grain 
size (Table VIII) may have been influenced by the distribution of the Xcess 
carbides in the 1.10 per cent carbon steel at the quenching temperature ,; 
1450 degrees Fahr. (790 degrees Cent.)? With an initial structure of sph. 
roidized cementite, the specimens heated only to 1450 degrees Fahr. (790 «. 
grees Cent.) should contain the excess carbides as spheroids distributed ny 
only in the boundaries but also in the interior of the austenite grains, where: 
in the specimens heated to 1700 degrees Fahr. (925 degrees Cent.) followe 
by cooling to 1450 degrees Fahr. (790 degrees Cent.) and holding at the latte; 
temperature for 5 minutes the excess carbide should be present as a network 
in the grain boundaries. It is to be expected that this difference in the djs. 
tribution of the proeutectoid carbide at the time of quenching the specimen; 
would have some influence on the values obtained for the critical cooling 
velocity. 

Written Discussion: By M. A. Grossmann, director of research, Car. 
negie-Illinois Steel Corp., Chicago. 

In the authors’ consideration of hardenability in terms of a fundamental 
parameter, it is pleasing that they do not merely say hardenability should be 
so stated, but they proceed to do something about it. As a result of this 
valuable paper, we have the useful situation that several types of tests, hithert 
used independently, can now be interpreted in terms of one another. 

The parameter they have chosen, namely cooling rate at 1300 degrees Fahr. 
(705 degrees Cent.) calls possibly for some comment. In a discussion of this 
general subject by M. Asimow and the present writer, we pointed out, a 
mentioned by the authors, that the cooling rate at 1000 degrees Fahr. (54) 
degrees Cent.) did not correlate well with hardenability data; we ascribed this 
failure to the fact that the rate at 1000 degrees Fahr. would take into account 
only the actual formation of fine pearlite at that temperature, while neglecting 
the incubation period which must precede pearlite formation. It was a fortunate 
circumstance that the half-temperature time seemingly made adequate provision 
both for the incubation period and for the pearlite formation period, although 
it must still be considered an approximation. Nevertheless, as the authors 
have here stated, the rate at 1330 degrees Fahr. (720 degrees Cent.) in ac- 
cordance with French, or the rate at 1300 degrees Fahr. (705 degrees Cent. 
as adopted by the authors, seems to accord well with experimental data, and 
we believe it does so for the reasons mentioned. 

That the authors’ analysis of their data is thoroughly sound is attested by 
the remarkable concordance shown in their Figs. 13, 14 and 15, where the 
calculated values based on the cone test check exceedingly well with the 
results obtained in experiments on round bars. The tapered cone test seem 
thoroughly reliable. 

Attention may be called to a feature in the authors’ Fig. 16, namely th 
at high hardenability a specific change in grain size makes more differenc: 
than at low hardenability. This accords with our own experience that t 
effect of grain size in changing hardenability is in proportion to the harder- 
ability of the steel. 
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In all the mass of data presented by the authors, there is only one point 
on which our experience is somewhat at variance with that cited. Fig. 5 shows, 
quite correctly of course, that the rate of cooling at 1300 degrees Fahr. (705 
degrees Cent.) varies with the quenching temperature, and the inference is that 
the extent of hardening varies also. But it is our belief that when it is possible 
to hold all other conditions absolutely identical, namely grain size, solution of 
carbides, degree of scaling, etc., then the mere change in quenching temperature 
from say 1450 to 1650 degrees Fahr. (790 to 900 degrees Cent.) does not 
in itself cause a change in extent of hardening. It would be helpful to hear 
the opinion of the authors on this point. 

Written Discussion: By G. A. Roberts, Vanadium-Alloys Steel Com- 
pany Graduate Fellow, Department of Metallurgy, Carnegie Institute of 
Technology, Pittsburgh. 

It would be well to point out several of the complicating factors involved 
in a study of the effect of initial structure on the hardenability of carbon tool 
steels. The phenomenon of deeper hardening in 1 to 1.10 per cent carbon 
steels after annealing than after an oil quench pretreatment to produce fine 
pearlite has been recognized by many previous investigators, as a factor which 
in addition to composition and grain size controls the hardenability of steels. 
It has been labeled various names in the past, but the term “annealing sensi- 
tivity,” as suggested by Gill several years ago, seems to fit well. 

There appear to be two factors which govern this sensitivity, only one of 
which has been mentioned by the authors. They are: 

(a) The amount and distribution of the excess carbides, and 

(b) The grain size. 

The nucleating effect of these excess carbides has been investigated by the 
authors of the present paper with rather negative results. It is to be pointed 
out, however, that the count of the number of carbides remaining undissolved 
after heat treating as presented in the paper is likely to lead to erroneous 
conclusions. Large numbers of fine carbides are known to exert a much larger 
effect on the rate of nucleation than a few coarse ones, yet these fine carbides 
are those which, in many cases, would be missed on a metallographic count. 
This is to be expected to the greatest extent in lamellar or “sorbitic” struc- 
tures, for in these cases many of the carbides (to say nothing of carbon con- 
centration gradients in the austenite at the time of quenching of which we 
know too little) are not resolved by metallographic etching and examination. 
The method of carbide counting is undoubtedly satisfactory for those structures 
which were initially spheroidized, but comparing these with the structures 
which were initially finer is not to be recommended. 

The authors’ remarks on the distribution of carbides at the grain boundaries 
again are to be regarded with caution, for in the presence of undissolved ‘car- 
bides within the grain, the relative nucleating effect of grains versus grain 
boundaries is altered. As evidence for this, we note the difficulty of measuring 
grain size by the gradient quench method when carbides remain undissolved 
throughout the matrix. However, our knowledge of the relative effects is too 
meager to make definite statements at this time. 

The second factor which seems to play an important part in “annealing 
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sensitivity” is grain size. The authors have shown the effect of grain Size on 
the critical cooling velocity but have not indicated the grain sizes developed 
in their discussion of sensitivity. From the results of many routine tests an; 
from experiments performed at the Vanadium-Alloys Steel Company, it }, 
been established that at the low temperatures of austenitizing to which thi 
sensitivity applies, the spheroidized structures will develop a coarser grain Size 
than fine pearlitic structures. This is corroborated by Digges and Jordan: 
This variation in grain size, with the same testing conditions, will range from 
¥% to 1% fracture numbers. Work is now in progress at Carnegie Instity 
of Technology which will attempt to explain this phenomenon in a quantitatiy. 
manner on the basis of rates of nucleation and growth. From Fig. 16 of the 
authors’ paper and from independent calculations, it would be predicted tha 
this change in grain size will account for somewhat over half of the shift jy 
the critical cooling velocity that is reported. 

Thus, it appears that both the distribution of excess carbide and the grain 
size should be considered as determining factors in the phenomenon of annealing 
sensitivity. 

Written Discussion: By B. F. Shepherd, chief metallurgist, Ingersoll- 
Rand Co., Phillipsburg, N. J. 

The paper by Post, Greene and Fenstermacher on the “Hardenability oi 
Shallow Hardening Steels” is first of all to be considered in the light that 
hardenability is a question which has direct application to the heat treating 
shop. Questions concerning hardenability commonly met with in heat treating 
practices have been shown by Messrs. Post, Greene and Fenstermacher to le 
answered quite adequately by the tapered cone specimen for measuring th 
hardenability of shallow hardening steels. There are several points which need 
to be discussed. Among these points it should be remarked that when any test 
is used in such a manner that the gradation zone between case and core | 
used for determining the hardenability of the steel, this gradation zone can k 
much narrower for the steel obtained from one manufacturer than from another. 
Furthermore, the demarcation between case and core is much clearer on the 
rounds, due to the cutting being across the grain, than on slabs and cones, 
where it is generally viewed “with” the grain. In this connection, it is t 
be remarked that the lower the hardenability of any. given heat of steel, the 
more sharply defined will be the case-core pattern. This effect is clearl) 
brought out in Figs. 2 and 8. 

Regarding the relation of the so-called equivalent cone diameter to the 
distance of any point along the longitudinal axis of the cone from the tip 0 
the cone, it is convenient to represent the relation as follows: 

AB = (CB + 1.249) 0.0995, 
where the quantities AB and CB have the significance shown in Fig. 3. 

The relationship between the so-called average Shepherd hardenability 
number and the critical cooling velocity in terms of degrees Fahr. per secont 
at 1300 degrees Fahr. (705 degrees Cent.), as shown in Fig. 9, is extremely 
interesting. In this connection, I wonder if the authors would prepare a chart 


8T. G. Digges and L. Jordan, “Hardening Characteristics of 1 per cent Carbon Tod 
Steels,” Transactions, American Society for Metals, Vol. 23, 1935, p. 839. 
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showing distance from tip of cone and cooling rate in terms of degrees Fahr. 
per second at 1300 degrees Fahr. (705 degrees Cent.) to a larger scale than 
shown in their Fig. 5. 

Fig. 10, showing the penetration in 64ths of an inch in various sized round 
bars as related to the critical cooling velocity of the steel in terms of degrees 
Fahr. per second at 1300 degrees Fahr. (705 degrees Cent.), has a good deal 
of significance in hardenability testing. According to my conception of Fig. 10, 
it would seem that a steel of about No. 15 average Shepherd disk hardenability 
would just harden through a 34-inch bar when oil treated before hardening. 

In regard to the variation of critical cooling velocity with fracture grain 
size, it is to be remarked that Messrs. Post, Greene and .Fenstermacher are 
probably referring to the normal type of tool steel manufactured by The 
Carpenter Steel Company. The relationships shown in Table IX and Fig. 16 
are thought to be true only of a certain type of steel which shows a variation 
in penetration with variation in fracture. However, the test as outlined by 
Messrs. Post, Greene and Fenstermacher on pages 1234 and 1235 is extremely 
simple and capable of yielding all the information needed to exactly specify the 
hardenability of shallow hardening steels. In this connection, it is to be noted 
that only one cone needs to be hardened by water quenching from 1450 degrees 
Fahr. (790 degrees Cent.), and the fracture samples can be of any shape. 
Thus, the penetration in various sized round bars and critical cooling velocities 
obtained by quenching from higher temperatures can be predicted from a 
knowledge of the critical cooling velocity obtained from the cone specimen by 
water treating at 1450 degrees Fahr. (790 degrees Cent.), and the fracture grain 
sizes at higher temperatures. 

In regard to the variation of hardenability with rate of heating through the 
critical temperature range, our experience confirms the results of Messrs. 
Post, Greene and Fenstermacher, i.e., we have generally found the difference 
in hardenability between a heat which has been heated fast through the critical 
temperature range and the same heat heated slowly through the temperature 
range to be equivalent to about one Shepherd disk number. This effect of the 
rate of heating through the critical temperature range on the resulting harden- 
ability of carbon tool steels must be controlled both in the laboratory and 
in the heat treating rooms to obtain a uniform product. 


Authors’ Reply 


The authors are grateful for the interesting discussions which their paper 
has provoked. 

Mr. T. G. Digges brings up a question which is extremely difficult to 
study experimentally, i.e., to show the variation of critical cooling velocity 
with fracture grain size without being disturbed by the influence of the excess 
carbides in the 1.10 per cent carbon tool steels at quenching temperatures of 
say 1450 degrees Fahr. (790 degrees Cent.). The authors do not know whether 
an adequate solution can be given to the question raised by Mr. Digges and 
still have information which would be of interest in practice. It obviously 
would not suffice to heat treat samples from temperatures at which no excess 
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carbides would be present because such temperatures would be completely oy; 
of the range of practical heat treatment. 

Dr. M. A. Grossmann’s discussion is especially welcome in view of his 
researches in the field of hardenability. The question raised by Dr. Grossman, 
regarding the effect of quenching temperature, per se, on the critical cooling 
velocity would be difficult to answer in case of 1.10 per cent carbon tool stec: 
because of the presence of the excess carbides at normal treating temperature 
In this respect the question raised by Dr. Grossmann is very similar to tha 
raised by Mr. Digges, and we know of no way at present of attacking the 
problem. 

We would like to point out, however, that our main justification for show. 
ing the effect of fracture grain size on the critical cooling velocity is to \ 
found in Table IX. These data were taken from routine inspection records anj 
the comparison of the predicted penetrations with the experimentally determine 
penetrations lends a good deal of support to the effect of fracture grain six 
on critical cooling velocity as shown in Fig. 16. The tapered cone test ha: 
been used in the chemical and metallurgical laboratories of The Carpenter Stee! 
Company for several years and the data presented in this paper represent on\) 
a summary of the results which have been obtained by means of this tapered 
cone specimen. 

We wish to thank Mr. Roberts for discussing several well known points 
We must remind Mr. Roberts, however, that the effect of annealed structures 
on the resulting critical cooling velocity of 1.10 per cent carbon tool steels was 
studied here with positive results rather than negative, as he infers. Mr 
Roberts’ conception of negativity evidently hinges upon the proposition that 
spheroidized structures will develop a coarser grain size than pearlitic struc- 
tures, and this is extremely doubtful, if not incorrect. 

The following table shows the fracture grain sizes obtained on 1.10 per 
cent carbon tool steel (the analysis of which is shown under the Table) when 
water treated at 1450 degrees Fahr. (790 degrees Cent.), preceded by treat- 
ments which yielded annealed, normalized, and oil-treated and annealed, struc- 
tures. The annealed structures were obtained by annealing at 1400 degrees 
Fahr. (760 degrees Cent.), the normalized structures were obtained by ai 
cooling from 1600 degrees Fahr. (870 degrees Cent.), and the oil-treated and 
annealed structures were obtained by oil treating at' 1600 degrees Fahr. (87) 
degrees Cent.), followed by annealing at 1310 degrees Fahr. (710 degrees 
Cent.). The specimens were %-inch rounds. Also shown in this table are the 
effects of soaking for various times at a temperature of 1250 degrees Fair. 
(675 degrees Cent.), which is just under the critical, and also the effect 0! 
soaking at 1355 degrees Fahr. (735 degrees Cent.), which is in the critica 
temperature range, for various times. 

These data serve to illustrate the fact that the spheroidized annealed stru- 
ture will yield a finer fracture than any pearlitic structure. Thus, the ac 
that we show the pearlitic structure to yield a larger critical cooling veloc) 
than the spheroidized structure means essentially that the effect of the exces 
carbides had to overcome the effect caused by grain size rather than be helped 
by this latter variable. 
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Table A 
Influence of Prehardening Structure on Fracture Grain Size 
of 1.10 Per Cent Carbon Tool Steels 








Annealed Normalized Oil Treated 1600° F., 
1400° F. A.T. 1600° F. Annealed 1310° F. 
Regular treatment 9% 8y% 9% 
Soak under mang = 8 
250 degrees Fanhr. 
— 2 ets 9% 8Y% 9 
4 hours 9% 8% 8% 
6 hours 9% 9 9 
Soak in oO . 
1355 degrees Fahr. ; 
’ 2 hours 9 8Y% 9% 
4 hours 9 9 9% 
6 hours 8% 8% 9% 
ANALYSIS: 
Mn Si P S Cr Ni 
1.09% 0.31% 0.28% 0.015% 0.008% 0.12% 0.06% 





Annealing sensitivity was discussed very adequately by Mr. B. F. Shepherd, 
Mr. G. V. Luerssen, and others, for some time before Gill, and it is our belief 
that we have covered all the points that Mr. Roberts has raised in this con- 
nection. This is a very fruitful field and Mr. Roberts will find many problems 
which will need explaining in a quantitative manner on the basis of rates of 
nucleation and growth. 

The discussion of Mr. B. F. Shepherd is especially welcome because of 
his past experience with hardenability studies on carbon tool steels. His re- 
marks concerning the variation of gradation zone with hardenability of the 
steel refer to an effect which can be noted easily in Figs. 2 and 8. In addition 
to the fact that steels with high critical cooling velocity show a case-core zone, 
the question of center segregation also plays a large part in accurately specify- 
ing the penetration. As Mr. Shepherd points out, it is much easier to determine 
the penetration of the case when the case-core pattern is cut across the grain, 
rather than with the grain. This is due primarily to the center segregation 
present, and as Mr. Shepherd points out, the severity of the segregation is 
related somewhat to the methods of processing used during manufacture. 

We have not encountered steels of the 1.10 per cent carbon tool steel type 
which do not show an increase in penetration for increase in fracture grain 
size. The work of Grossmann and Stephenson (see Reference 8) and the pres- 
ent writers on the variation of critical cooling velocity with fracture grain 
size has shown that an increase in the fracture grain size of any given heat of 
steel leads invariably to a decrease in the critical cooling velocity. It is con- 
ceivable that a heat of 1.10 per cent carbon tool:steel could purposely be made 
which would have abnormal characteristics in this respect. If a heat of, steel 
were so shallow hardening that its critical cooling velocity at 1450 degrees 
Fahr. (790 degrees Cent.) would be in the neighborhood of 350 degrees Fahr. 
(175 degrees Cent.) per second at 1300 degrees Fahr. (705 degrees Cent.), 
with a fracture grain size of, let us say, 9 at 1450 degrees Fahr. (790 degrees 
Cent.), then an increase in treating temperature would probably result in a 
noticeable decrease in fracture grain size, but from an inspection of Fig. 16, it 
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could be predicted that the variation in penetration would be very smaj 
In this connection we wish to point out that this work on the hardenabijj, 
of shallow hardening tool steels does not conceive of forcing the tapered con. 
test specimen on any branch of the industry as a means for determining thy 
hardenability of carbon tool steels. To anyone familiar with the myriad numbe, 
of tests which purport to measure the hardenability of shallow hardening stee\; 
the need for this test is almost self-evident. We have shown that the variox; 
tests used by the trade to measure the hardenability of shallow hardening to) 
steels can be correlated very easily with one another when a test is at hand 
for measuring the fundamental parameter concerned in any mechanism of the 
transformation of austenite to martensite. 





THE ACICULAR STRUCTURE IN NICKEL-MOLYBDENUM 
CAST IRONS 


By R. A. Frrnn, Morris CoHEN AND JOHN CHIPMAN 


Abstract 


Nickel-molybdenum cast irons containing acicular 
structures undergo a marked increase in strength on tem- 
pering at 500 to 700 degrees Fahr. (260 to 370 degrees 
Cent.) By means of isothermal transformation studies on 
thirteen nickel-molybdenum trons, the acicular structures 
were established as a series of austenitic decomposition 
products which form below the pearlitic temperature range 
by the precipitation of free ferrite and the diffusion of 
carbon into the surrounding austenite. At lower trans- 
formation temperatures, the ferrite becomes angular and 
dark etching due to the entrapment of carbon, and grad- 
ually assumes the well-known appearance of lower baimte. 
The rates of formation of the pearlitic and acicular prod- 
ucts are presented in the form of S-curves. 

The proper conditions of alloy content and section 
size for the attainment of acicular structures directly on 
casting were investigated, and the results are summarized 
graphically. The probable cause of the increase in strength 
on tempering was ascertained by microscopic, X-ray, dila- 
tometric and magnetic measurements. 


HE products of austenite decomposition in cast irons may be 

classified, as in the case of steels, into pearlitic, martensitic and 
intermediate acicular structures (1,2,3).1 The intermediate struc- 
tures may be further divided into two species on the basis of micro- 
scopic appearance: a dark etching, distinctly angular product which 
forms not far above the martensitic temperature range, and a light 
etching, generally elongated constituent (surrounded by a dark 


__*The figures appearing in parentheses refer to the bibliography appended to this paper. 


This paper is based on a thesis submitted by R. A. Flinn to the Department of Metal- 


lurgy, Massachusetts Institute of Technology, in partial fulfillment of the requirements for 
the degree of Doctor of Science. 


A paper presented before the Twenty-third Annual Convention of the Soci- 
ety held in Philadelphia, October 20 to 24, 1941. Of the authors, R. A. Flinn 
iS associated with the metallurgical department, The American Brake Shoe & 
Foundry Co., Mahwah, N. J., and Morris Cohen and John Chipman are asso- 
ciated with the department of metallurgy, Massachusetts Institute of Tech- 
nology, Cambridge, Mass. Manuscript received August 1, 1941. 
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groundmass in the later stages of transformation) which forms no 
far below the pearlitic temperature range. The dark etching, acicyla; 
structure corresponds to the well known bainite found in austempere; 
steels, but the light etching acicular structure is not so common and 
has not received an “official” name. For example, Jolivet (4) has 
referred to this transformation product in hot quenched chromium. 
molybdenum and nickel-chromium-molybdenum steels as “acicular 
ferrite’; Davenport (5) has used the designation “X” for this con- 
stituent in hot quenched chromium-molybdenum steel ; while Payson 
(6) has proposed the name “mathewsite” for a very similar structure 
observed in hot quenched silico-manganese and chromium-nickel 
steels. Crosby (7) has also found this structure in molybdenum and 
nickel-molybdenum cast irons, and called it “acicular pearlite”. 

In the opinion of the present authors, the light etching acicular 
constituent might well be named “upper bainite’’ since it has already 
been demonstrated for both steels (4), (8) and cast irons (2) that 
a progressive lowering of the austenite transformation temperature 
causes the light etching product to merge gradually into the dark 
etching, oriented configuration of typical (lower) bainite. However, 
in order to avoid possible misunderstanding due to previous usage 
(9) of the term “upper bainite’’, all such products observed in this 
investigation are simply called “acicular structures” in the same 
generic sense that all forms of lamellar structures are called pearlite. 
The acicular structures defined in this way are not intended to in- 
clude the martensites. Subdivision of the acicular structures into dif- 
ferent species with corresponding nomenclature might be justified for 
descriptive purposes, but the distinctions would be arbitrary and 
would fall into the same nebulous category as the terms sorbite and 
troostite. 

Flinn and Reese (3) have shown recently that acicular struc- 
tures may be obtained in nickel-molybdenum cast irons in the as-cast 
condition provided that the alloy content is properly adjusted in rela- 
tion to the cooling rate or size of the casting. It was also found that 
unusually high strengths may be achjeved in such castings by tem- 
pering in the range of 500 to 700 degrees Fahr. (260 to 370 degrees 
Cent.). A typical illustration of these effects is given in Table | 
As the nickel and molybdenum contents are raised in the three 1/4 
inch diameter castings under consideration, the structure changes 
from pearlite to acicular with accompanying increase of 20 per ceft 
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in the tensile strength. More striking, however, is the fact that this 
improvement in strength is further raised to 60 per cent by tempering 


Table I 


Typical Properties of Nickel-Molybdenum Cast Irons Before and After Tempering. 
i4-Inch Diameter Castings. Tempering Treatment: 5 Hours at 600 Degrees Fahr. 


Predominant Transverse Deflection Tensile 
_——-Chemical Analysis,? Per Cent——, Micro- Strength in Strength Brinell 
TC a Si Mn Ni Mo Constituent Lbs.? Inches? p-S.1. No. 


24 ... .256 082 0.06 0.04 Pearlite 3500 0.28 60,800 255 
o 3610 0.28 60,100 255 
2.2 0.85 1.09 0.33 Fine 4050 0.26 71,000 286 

Pearlite 4200 0.31 72,200 286 

4700 0.33 71,800 321 

0.85 1.03 1.36 Acicular 5600 0.41 98,000 340 


~1Phosphorus and sulphur 0.15 per cent maximum. 
24.S.T.M. type B bar, 1% inch diameter, 18 inches between knife edges. 


the castings at 600 degrees Fahr. (315 degrees Cent.) for 5 hours. 
This marked response to tempering is only observed in irons contain- 
ing acicular structures; the pearlitic irons are not materially affected 
by tempering. On the other hand, Griffiths, Pfeil and Allen (8) 
have clearly demonstrated that the acicular structures in alloy steels 
have comparatively poor properties, and undergo only slight improve- 
ment on tempering. 

Consequently it is evident that both fundamental jand practical 
considerations point to the desirability of investigating the nature of 
the acicular structures in nickel-molybdenum cast irons. To this end, 
a detailed study was first made of the isothermal decomposition of 
supercooled austenite in a series of thirteen nickel-molybdénum irons. 
Using the well known hot quenching method of Davenport and Bain 
(10), the effects of alloy content and of transformation temperature 
on the rate and mode of transformation were determined. “Pure” 
acicular structures were also obtained in this way for microscopic and 
X-ray measurements. In addition, the practical relations of alloy 
content and section size for the attainment of acicular structures 
during casting were established. Finally, the tempering of as-cast 
and hot quenched acicular structures was investigated by X-ray, 
microscopic, hardness, dilatometric, and magnetic studies to establish 
the cause of the attendant increase in strength. 


EXPERIMENTAL DETAILS 


_ Preparation of Cast Irons—Thirteen 150-pound heats of cast 
‘ron were prepared in an Ajax high frequency induction furnace 
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using cupola-melted wash metal (3.33 per cent total carbon, 1.18 per 
cent silicon, 0.57 per cent manganese, 0.10 per cent phosphorus, an; 
0.10 per cent sulphur) as the principal component of each charge. 
Other additions were Armco iron, 75 per cent ferromanganese, 75 per 
cent ferrosilicon, 60 per cent ferromolybdenum, and 99.8 per cent sho: 
nickel. The heats were tapped at 2800 degrees Fahr. (1540 degrees 
Cent.) into a preheated ladle where an inoculating addition of | per 
cent silicon was made in the form of ferrosilicon in order to provide 
random distribution of the graphite flakes (3). The metal was 
poured at 2650 degrees Fahr. (1455 degrees Cent.) into core-sand 
molds. A.S.T.M. Standard arbitration bars of types A, B and ( 
(%, 1% and 2-inch diameter) and 1, 2, 4 and 6-inch diameter cyl. 
inders were cast in this way. The cylinders were used to study the 
effect of section size or cooling rate on the as-cast structures of the 
nickel-molybdenum irons. Transverse tests carried out on some of 
the arbitration bars are. reported elsewhere (3). The remainder of 
the bars were cut into suitable specimens for the present investigation. 

A nominal base analysis of 2.5 per cent total carbon, 2.5 per cent 
silicon and 0.85 per cent manganese was aimed at with variations in 
nickel of 0, 1, 2, 3, 4 and 5 per cent and with variations in molyb- 
denum of 0, 0.1, 0.3, 0.5 and 1.0 per cent. The actual compositions 
are given in Table Il. Heat 3 contained only residual traces of 








Table Il 
Analyses of Induction Furnace Nickel-Molybdenum Iron Heats* 


Total 
Carbon Silicon Manganese Nickel Molybdenum 
Heat No. Per Cent Per Cent Per Cent Per Cent Per Cent 


2.49 2.56 0.82 0.058 0.04 
exee otis ‘ 1,12 0.097 
2.55 


0.26 

°2.55 0.53 
2.66 0.52 

2.58 0.51 
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0.51 
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*Heat No. 5 also was analyzed for phosphorus, 0.072 per cent; copper, 0.144 per cet 
chromium, 0.068 per cent; and Heat No. 3 for sulphur, 0.034 per cent. These analyses 
may be considered as indicative of the range of minor element contents of all the abovt 
irons as the same base materials were used throughout. 


nickel and molybdenum and may be regarded as the base analysis. 
Heats 21, 22, 4 and 9 form a series with 1 per cent nickel and it 
creasing amounts of molybdenum. Variations in nickel at two molyb 
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denum levels of 0.5 and 1.0 per cent are represented by heats 4 
through 8 and by heats 9 through 13, respectively. 

Hot Quenching Procedure—Some of the 1%4-inch diameter ar- 
hitration bars were sawed into 34-inch discs and then quartered into 
suitable specimens for hot quenching experiments. These specimens 
were austenitized by holding at 1600 degrees Fahr. + 5 degrees Fahr. 
(870 degrees Cent.) for 25 minutes in a nichrome-wound resistance 
furnace. Actually less than half. of this time was required for com- 
plete conversion of the matrix to austenite as indicated by the micro- 
examination of specimens quenched after different times at 1600 de- 
grees Fahr. (870 degrees Cent.). Chemical analyses for graphitic 
carbon before and after this solution treatment indicated that the 
carbon content of the austenite at 1600 degrees Fahr. (870 degrees 
Cent.) was approximately the same as the combined carbon content 
in the as-cast structure. It was important to achieve this condition 
in order for the austenite in the heat treated specimens to have the 
same transformation characteristics as the austenite during casting. 

The hot quenching was carried out in liquid metal baths con- 
trolled to + 1 degree Fahr. in the range of 1350 to 500 degrees 
Fahr. (730 to 260 degrees Cent.). The mass of the liquid metal 
was sufficient to prevent more than 1 degree Fahr. temperature rise 
even though several specimens were hot quenched simultaneously. 
After being held at the hot quenching temperatures for the desired 
length of time, the specimens were water quenched to room tem- 
perature, 

Rockwell C hardness readings and microexamination of these 
hot quenched specimens were used to follow the course of isothermal 
transformation by the Davenport and Bain method (10). All such 
observations were made after grinding down 7 inch in order to 
avoid possible discrepancies due to decarburization. Specimens which 
had undergone no isothermal transformation exhibited‘an austenite- 
martensite matrix at room temperature, and gave hardness values 
in the neighborhood of Rockwell C 52. When isothermal transforma- 
tion occurred, the hardness after cooling to room temperature de- 
creased accordingly. The final hardness at the end of transformation 
varied between Rockwell C 23 and 47 depending upon the nature of 
the product. This hardness survey proved very helpful in the selec- 
tion of the appropriate specimens for the metallographic determina- 
tion of the beginning and ending of isothermal transformation. 
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Specimens for dilatometer and tensile tests were also ho 
quenched in order to obtain further information on the various traps. 
formation products. Since these specimens were finished machine; 
before the heat treatment, the austenitizing was carried out in a cop. 
trolled atmosphere. 

X-ray Diffraction Measurements—Phragmén No. 2 and 3 
cameras and a modified Hagg X-ray tube with a chromium target 
were used for the lattice parameter and relative intensity determina 
tions. Much difficulty was encountered in studying the as-cast struc. 
tures because the coarse grain size resulted in spotty X-ray patterns, 
The hot quenched specimens gave better patterns although it was 
often necessary to X-ray several surfaces of a specimen before smooth 
lines could be obtained. 

Correct surface preparation was found essential in order to 
procure a proper X-ray picture. After carefully grinding the spec 
mens to fit the curvature of the cameras, the cold-worked surface 
was removed by etching in equal parts of concentrated HNO,, HC 
and H,SO,. HNO, and HCl alone gave a badly pitted surface and 
a tenacious surface film rich in graphite and carbide. 

Dilatometric and Magnetic Measurements—The dilatometric 
and magnetic measurements were carried out on 4-inch lengths of 
%4-inch diameter rods machined from the 1% and 2-inch arbitration 
bars halfway between the center and periphery. The dilatometer 
used for most of the runs has been described by the A.S.T.M (11). 
Changes in length were measured to + 0.00001 inch. 

The magnetic tests were conducted by Mr. Otto Zmeskal* with 
a specially designed apparatus which will be fully described in a 
forthcoming publication. This apparatus permitted simultaneous 
measurement of changes in magnetization to + 0.1 per cent and in 
length to + 0.001 per cent during heating and cooling. The mag- 
netic observations were made in fields of 265 and 1000 gauss. 


DISCUSSION OF RESULTS 


Rates of Isothermal Transformation—The _ time-temperaturt 
relations for the beginning and end of isothermal transformation of 
the supercooled austenite in the thirteen nickel-molybdenum irons 
are shown in Figs. 1 and 2. For experimental reasons, the curves ar¢ 
plotted on the basis of 5 and 95 per cent of the observable trans 


2Department of Metallurgy, Massachusetts Institute of Technology, Cambridge, Mass. 
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Fig. 1—Transformation Curves for Cast Irons Showing 
the Effect of Nickel and Molybdenum on the Times for the 
Beginning and Ending of Austenite Transformation at Con- 
stant Suberitical Temperatures. Base Analysis: 2.5 Per Cent 
Total Carbon, 2.5 Per Cent Silicon, 0.85 Per Cent Manganese, 
0.10 Per Cent Sulphur and Phosphorus. 


formation. It was found in many instances that after the isothermal 
transformation had apparently ended, retained austenite could be 
detected by means of X-rays after water quenching to room tempera- 
ture. 

The transformation curves are quite analogous to those reported 
for many alloy steels (5), (8). From 1300 to about 1150 degrees 
Fahr. (705 to 620 degrees Cent.) the time for the beginning of trans- 
formation decreases to a minimum, thus forming the upper nose of 
the curves. The transformation product (Fig. 3a) in this tempera- 
ture range is pearlite with increasing degrees of fineness. Below the 
nose of the curves, the transformation time increases to form a bay 
with a maximum in the range of 950 to 800 degrees Fahr. (510 to 
425 degrees Cent.) depending upon the alloy content. Between the 
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Fig. 2—Transformation Curves for Cast Irons Showing 

the Effect of Nickel and Molybdenum on the Times for the 

Beginning and Ending of Austenite Transformation at Con- 

stant Subcritical Temperatures. Base Analysis: 2.5 Per Cent 

Total Carbon, 2.5 Per Cent Silicon, 0.85 Per Cent Manganese, 

0.10 Per Cent Sulphur and Phosphorus. Cooling Curves for 

1, 2, 4 and 6-Inch Diameter Castings are Shown With Zero 

Time Taken at 1350 Degrees Fahr. 
upper nose and the bay, the first evidence of transformation: is the 
precipitation of clear ferrite which is later followed by the appearance 
ofa dark etching, confused aggregate of ferrite and carbide. Unlike 
the pearlite which forms above the nose of the curves, this aggregate 
is feathery rather than nodular (Fig. 3b). With lowering tempera 
ture, it decreases in amount relative to the free ferrite until, at the 
bay temperature, it appears as a dark, unresolvable groundmass be- 
tween the ferritic islands in the fully transformed structure. At the 
same time, the ferritic islands become thinner, more elongated, and 
more regular in shape (Fig. 3c). Occasionally isolated carbide pat 
ticles appear within the ferrite. 

From the bay to the lower nose of the curves at 750 to 600 


degrees Fahr. (400 to 315 degrees Cent.) the transformation ratt 
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Fig. 3—Typical Isothermal Transformation Products. Heat 9 (1 Per 
Cent Nickel + 1 Per Cent Molybdenum). Etched With 1 Per Cent 
Nital. \% 1500. a. Partially Transformed at 1300 Degrees Fahr.; b 
Partially Transformed at 1100 Degrees Fahr. 


increases and the ferritic phase takes on a more angular oriented ap- 
pearance (Fig. 3d). In addition, the ferrite begins to etch gray in 
color near the lower nose temperature (Fig. 3e). At still lower tem- 
peratures, the structure gradually blends into the dark etching, plate- 
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.. fig. 3—Typical Isothermal Transformation Products. Heat 9 (1 Per Cent 
Nickel + 1 Per Cent Molybdenum). Etched With 1 Per Cent Nital. XxX 1500. e. 


eal Transformed at 600 Degrees Fahr.; f. Partially Transformed at 500 Degrees 
adr. 
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like configuration of lower bainite (Fig. 3f). In all cases, the plates 
grow in size as the transformation proceeds. The martensitic trans. 
formation which sets in below 500 degrees Fahr. (260 degrees Cent | 
was not studied in this investigation. All of the products forme; 
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Fig. 4—Effect of Nickel on the Times for the Begin- 
ning (3 Per Cent) of Isothermal Transformation at the 
pper Nose, Bay and Lower Nose Temperatures for 
Cast Irons Containing 0.5 and 1.0 Per Cent Molybdenum. 
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Fig. 5—Effect of Molybdenum on the Times 
for the Beginning (5 Per Cent) of Isothermal 
Transformation at the Upper Nose, Bay and 
Lower Nose Temperatures for Cast Irons Con- 
taining 1 Per Cent Nickel. 


between the upper nose temperature and 500 degrees Fahr. (260 de- 
grees Cent.) are classed as acicular structures. 

The rate of isothermal transformation at all temperatures 1s 
markedly retarded by the presence of nickel and molybdenum. This 
effect is summarized in Figs. 4 and 5 which show the times for the 
beginning of transformation at the upper nose, lower nose, and bay 
temperatures plotted as a function of the alloy content. The moly)- 
denum seems to be particularly effective in accentuating the bay 1" 
the transformation curves, but has little influence on the temperatur¢ 
at which the maximum and minimum transformation rates occu. 
On the other hand, the nickel causes a progressive downward dis 
placement of these maxima and minima. It is important to note that 
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all the cast irons studied exhibited almost identical decomposition 
products when compared, not at the same transformation tempera- 
tures, but at temperatures occupying the same relative positions on 
the transformation curves. 

The hardness values of the various transformation products fall 
within the band plotted in Fig. 6. The lower limit of the hardness 


| 
! 


Transformation Temperature, F 
Fig. 6—Range of Hardness 
Values Found for Thirteen Nickel- 
Molybdenum Cast Irons at the 


End of Isothermal Transforma- 
tion. 


values in the range of 1200 and 1300 degrees Fahr. (650 and 705 
degrees Cent.) is not shown because of the occurrence of graph- 
itization during the austenite decomposition. Despite the spread in 
hardness among the different irons, there is a general decrease in 
hardness below 1100 to 1200 degrees Fahr. (595 to 650 dgrees 
Cent.) corresponding to the replacement of the pearlite by the 
acicular structures. However, as the latter become more angular and 
dark etching at still lower transformation temperatures, the hardness 
increases beyond the pearlitic values. 

Control of the Acicular Structure on Casting—Having studied. 
the kinetics of the isothermal formation of the acicular structures, 
the next step was to determine the conditions under which such 
structures may be produced directly on casting. It is evident from 
the isothermal transformation curves of Figs. 1 and 2 that the 
lormation of acicular products in a given iron during continuous 





1268 TRANSACTIONS OF THE A. S. M. December 


cooling requires a cooling rate sufficiently rapid to avoid decompos. 
tion of the austenite within the pearlitic range. At the same time 
the cooling rate must not be too rapid; otherwise the acicular trans. 
formation will also be suppressed, and the brittle, nonmachinab} 
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Fig. 7—Effect of Nickel and Section Size 


on the As-Cast Structure of 0.5 Per Cent 
Molybdenum Irons. 
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Fig. 8—Effect of Nickel and Section Size 
on the As-Cast Structure of 1.0 Per Cent 
Molybdenum Irons. 


martensites will be formed. Since the cooling rate of a casting Is 
more or less governed by its section size, and hence cannot be varied 
at will, it becomes necessary to use the composition of the iron 4 
a means of adjusting the austenite transformation characteristics t0 
the size of the casting for obtaining the desired results. The cooling 
curves (with zero time taken at 1350 degrees Fahr.) for 1, 2,4 and 
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6-inch diameter sand castings are shown in relation to the trans- 
formation curves in Fig. 2. 

The structures found in the castings of various section sizes 
and compositions are summarized in Figs. 7 and 8. The dotted lines 
drawn between the different fields are not to be construed as sharp 
boundaries, but rather as transition zones in which one constituent is 
eradually replaced by another. The structural conditions indicated 
by these diagrams hold throughout the cross section of the castings 
because of the uniform cooling rate induced by the relatively low heat 
conductivity of the surrounding sand. Figs. 7 and 8 clearly show 
the conditions of alloy content and section size required to produce 
acicular structures on casting. Both nickel and molybdenum widen 
the acicular field. Low alloy contents and large section sizes tend to 
yield pearlites while high alloy contents and small section sizes tend to 
yield martensites. These effects are obvious manifestations of the 
austenite transformation characteristics revealed by the isothermal 
studies. 

Nature of the Acicular Structure—X-ray photograms of as-cast 
and hot quenched acicular structures show the presence of graphite, 
ferrite, tetragonal martensite and retained austenite. As the light 
etching constituent increases in amount during transformation, the 
austenite lines and the (011) line of the martensite doublet become 
weaker, but the (1 10) line of the doublet grows more intense. Since 
the latter line represents a ferrite location, the X-ray data indicate 
that the light etching phase is ferritic, and that the austenite remain- 
ing from the acicular transformation partially decomposes into tetrag- 
onal martensite during the subsequent cooling to room temperature. 
X-ray evidence of austenite and martensite was found even in speci- 
mens whose microstructures appeared completely transformed into 
acicular products. Presumably, appreciable amounts of these residual 
phases may be obscured in the background of the acicular structure. 

The carbon atoms of the austenite which transforms into aci- 
cular ferrite have the choice of remaining dissolved in the ferrite, of 
precipitating as particles of carbide, or of diffusing into the surround- 
ing austenite. The relative softness of the light etching constituent 
suggests the unlikelihood of the first possibility. Furthermore, as 
described in the section on tempering, even when the ferrite is re- 
heated to temperatures just below the critical range, there is no sign 
of carbide precipitation or graphitization to indicate that appreciable 
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Table III . 
X-ray Diffraction Measurements of Nickel-Molybdenum Irons 
Austenite ‘Martens, 
Heat Per Cent Quenching Treatment Microstructure Lattice Parameter Axia] p,, 
No. Ni Mo Degrees Fahr. c/a 
3 0.06 0.04 Water quenched to 65 mart. + aust. 3.596 1.005 
3 0.06 0.04 Lead quenched to 800 90 per cent acic. 3.608 1.03 
4 1.02 0.53 Water quenched to 65 mart. + aust. 3.593 1.004 
4 1.02 0.53 Lead quenched to 900 40 per cent acic. 3.608 1.0% 
4 1.02 0.53 Lead quenched to 800 50 per cent acic. 3.619 1.03? 
4 1.02 0.53 Lead quenched to 800 90 per cert acic. 3.617 1.030 
10 2.03 1.22 Lead quenched to 800 20 per cent acic. 3.598 1.005 
10 2.03 1.22 As-cast acicular 3.618 1.030 
1.02 


13 5.02 1.01 Water quenched to 65 mart. + aust. 3.596 











carbon had been dissolved in the ferrite. The presence of occasional 
i isolated carbides in the ferrite before reheating shows that part of 
the carbide precipitates during the acicular transformation, but not 
in sufficient amounts to account for all of the carbon. It seems more 
probable, then, that most of the carbon diffuses into the surrounding 
austenite, at least during the early stages of the ferrite formation. 





Tempering Temperature, F 


Fig. 9—Changes in Hardness on 
e Tempering of an Acicular Structure and 
an Austenitic-Martensitic Structure Pro- 
duced by Water Quenching From 1600 
Degrees Fahr. Heat 10. 


This hypothesis is confirmed by X-ray measurements on the tetrag- 
onal martensite and retained austenite which exist at room tempera 
ture after various stages of acicular transformation. The typical 
data in Table III demonstrate that the lattice parameter of the aus- 
tenite and the axial ratio of the tetragonal martensite increase with 
the amount of acicular structure present. Since both of these unl 
cell measurements increase directly with the dissolved carbon cot 
tent (12), it is evident that there is an accumulation of carbon in the 
surrounding austenite during the formation of the acicular ferrite 
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This carbon build-up in the austenite accounts for its sluggishness in 
the later stages of transformation. Ultimately, however, the austenitic 
-esiduum begins to decompose into an intimate ferrite-carbide aggre- 
cate which causes a dark etching groundmass to emerge between the 
clear ferritic islands and obscure the final traces of austenite. 

It appears, therefore, that acicular transformation is nucleated 
by ferrite just as the pearlitic transformation—according to Mehl 
(9)—is nucleated by cementite. At temperatures below the upper 
nose, the ferrite nuclei seem to form more readily than do the cemen- 
tite, and there is a corresponding replacement of the pearlitic struc- 
tures by acicular products. It is quite possible that the dark etching, 
feathery structure which appears just below the upper nose tempera- 
ture is nucleated simultaneously by ferrite and cementite. With a 
lowering of the transformation temperature, however, the ferritic 
phase predominates, and the feathery aggregate becomes reduced in 
amount but more concentrated in carbon. As the temperature ap- 
proaches the lower nose, the carbon mobility gradually becomes in- 
sufficient to enable it to diffuse away from the growing ferrite. As a 
consequence, the carbon is entrapped to increasing degrees in the 
ferrite, and precipitates in situ, probably as carbides, to cause a pro- 
gressive darkening of the ferritic phase. Hence, with lowering tem- 
perature, the ferritic phase gradually becomes lower bainite. In 
other words, despite the wide variations in metallographic appearance 
among the acicular structures, they are all part of a continuous series 
of transformation products. 











Table IV 


Typical Properties of Isothermally Produced Acicular Structures 
Heat 5—2 Per Cent Nickel + 0.5 Per Cent Molybdenum 





Transformed Tempered Tensile 
at Degrees Fahr., Per Cent at Degrees Fahr. Strength 
(12 Hr.) Transformed (12 Hr.) p.Ss.1. 
800 75 Not tempered 54,600 
800 75 600 77,000 
600 95 600 88,800 
500 90 800 83,000 
500 90 600 99,400 











Tempering of the Acicular Structures—The tensile data in Table 
IV demonstrate that the hot quenched acicular structures improve in 
strength on tempering to about the same extent as the as-cast acicular 
structures. On the other hand, as shown by Fig. 9, the hardness does 
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Fig. 10—Changes in Length and in Magnetization During Heating and 


Cooling of 2 Per Cent Nickel +0.5 Per Cent Molybdenum Cast Iron After 
Water Quenching From 1600 Degrees Fahr. Heat 5. 


not similarly respond to tempering although the initial hardness 's 
quité persistent up to 1000 degrees Fahr. (540 degrees Cent.). 
Microexamination of acicular structures tempered between 300 
and 1200 degrees Fahr. (150 and 650 degrees Cent.) reveals no 
change in the light etching constituent despite the fact that the back- 
ground begins to etch more rapidly after tempering above 400 degrees 
Fahr. (205 degrees Cent.). At 800 degrees Fahr. (425 degrees Cent.) 
and above, the background etches quite black, leaving the white fer- 
ritic phase clearly outlined. These changes in microstructure indicate 
that the strengthening which takes place on tempering is probably 
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Table V 
Effect of Tempering on Acicular Structures as Shown by X-ray Diffraction Data 
Heat 5—2 Per Cent Nickel + 0.5 Per Cent Molybdenum 


Relative Line Intensities———_ 
Treatment Austenite Martensite Ferrite Carbide 


75 per cent Acicular transformed at 





a degrees Fahr.—untempered 3 3 5 0 
Brag en 600 degrees Fahr., 1 hour 4 0 5 0 
Same, tempered 600 degrees Fahr., 12 hours 3 0 5 0 
Same, tempered 700 degrees Fahr., 1 hour 3 0 5 0 
Same, tempered 800 degrees Fahr., 1 hour 1 0 5 % 
Same, tempered 800 degrees Fahr., 12 hours 0 0 5 y 
1% inch section, Acicular as-cast, : 

untempered 5 2 5 0 
Tempered, 200 degrees Fahr., 1 hour 5 2 5 0 
Tempered, 400 degrees Fahr., 1 hour 1 \ 4 0 
Tempered, 500 degrees Fahr., 1 hour 2 0 4 0 
Tempered, 600 degrees Fahr., 1 hour 3 0 5 0 
Tempered, 600 degrees Fahr., 12 hours 0 0 5 0 
Tempered, 700 degrees Fahr., 1 hour 1 0 5 0 
Tempered, 800 degrees Fahr., 1 hour 4 0 5 2 

Key: 5= Very Strong; 4 = Strong; 3 = Medium; 
2 = Weak; 1 = Faint; ¥% = Indefinite. 








related to the groundmass of the acicular structure rather than to the 
predominant phase. 

The X-ray diffraction studies readily provided information on 
the changes occurring within the austenite-martensite residum pre- 
sent in the groundmass of the acicular structure. Observations made 
after tempering both as-cast and hot quenched acicular structures are 
given in Table V. Tempering above 400 degrees Fahr. (205 degrees 
Cent.) results in the decomposition of the tetragonal martensite with 
partial transformation of the retained austenite. Complete disap- 
pearance of the austenite lines, however, is not obtained except by 
tempering at higher temperatures, i.e., 12 hours at 800 degrees Fahr. 
(425 degrees Cent.). Iron carbide lines appear for the first time in 
the photograms of both the as-cast and hot quenched acicular struc- 
tures after tempering at 800 degrees Fahr. (425 degrees Cent.). 

In order to study these background transformations in more de- 
tail, dilatometer specimens were hot quenched to produce varying 
amounts of acicular ferrite with inverse ‘amounts of austenite- 
martensite in the background. In all cases, the magnitude of the 
dilation effects which occurred during subsequent tempering varied 
in proportion to the amount of austenite and martensite present. 
Consequently, these dilation effects were observed to best advantage 
in specimens which were water quenched directly from 1600 degrees 
Fahr. (870 degrees Cent.) to yield a completely austenitic-martensitic 
matrix. The curves in Fig. 10 show the simultaneous changes in 
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Fig. 11—Changes in Magnetization of 2 Per Cent Nickel + 0.5 
Per Cent Molybdenum Cast Iron During Four Tempering Cycles 
After Water Quenching From 1600 Degrees Fahr. Heat 5. 
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length and in magnetization during the continuous heating and cool- 
ing of such a water quenched dilatometer specimen (Heat 5—2 
, per cent nickel + 0.5 per cent molybdenum): The contraction which 
is superimposed on the normal thermal expansion curve above 225 
degrees Fahr. (105 degrees Cent.) is due to decomposition of the 
tetragonal martensite. The increase in magnetization above 250 de- 
grees Fahr. (120 degrees Cent.) is suggestive of stress relief because 
this effect is much more pronounced when measured at 265 gauss 
than at 1000 gauss. Another marked contraction sets in during heat- 
ing above 830 degrees Fahr. (445 degrees Cent.) and is due to car- 
bide formation. The final stages of this contraction are masked by 
the transformation of the retained austenite which is shown by the 
increase in magnetization above 865 degrees Fahr. (455 degrees 
Cent.) at both the high and low fields. After heating to 1000 degrees 
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Fahr. (540 degrees Cent.) for 15 minutes and then cooling, a mag- 
netic inversion is found at 420 degrees Fahr. (215 degrees Cent.) 
which corresponds to the Curie point of cementite. The fact that this 
increase in magnetization during cooling is not attended by a simul- 
taneous expansion eliminates austenite transformation as an explana- 
tion of the inversion. 

Additional confirmation of these interpretations is given by the 
magnetization curves in Fig. 11 obtained during heating and cooling 
after prolonged tempering at 600, 700, and 800 degrees Fahr. (315, 
370 and 425 degrees Cent.). The changes in magnetization on heat- 
ing to the first holding temperature of 600 degrees Fahr. (315 degrees 
Cent.) have been noted above. Austenite transformation occurs in 
increasing amounts at each of the holding temperatures, but the 
cementite Curie point does not appear during the subsequent cooling 
until after the 800 degrees Fahr. (425 degrees Cent.) holding treat- 
ment. Further heating and cooling demonstrate that the Curie point 
inversion is reversible, as it should be. 

The carbide formation which is responsible for the contraction 
above 830 degrees Fahr. (445 degrees Cent.) in Fig. 10 undoubtedly 
also occurs during the prolonged heating at 800 degrees Fahr. (425 
degrees Cent.) in Fig..11, and is thus responsible for the existence 
of the cementite Curie poirit during subsequent cooling. This also 
fits in with the X-ray evidence of Table V which shows the appear- 
ance of carbide diffraction lines after tempering at 800 degrees Fahr. 
(425 degrees Cent.). The large magnitude of these effects suggests 
that the tempered martensite, rather than the retained austenite, is 
the source of the carbide. In any case, however, the carbide forma- 
tion cannot account for the increase in strength on tempering be- 
cause the latter occurs well below 800 degrees Fahr. (425 degrees 
Cent.). 

In the light of these experiments, it is believed that strengthen- 
ing of acicular nickel-molybdenum cast irons on tempering at 500 to 
700 degrees Fahr. (260 to 370 degrees Cent.) is due to a combination 
of three effects: (a) decomposition of the tetragonal martensite pres- 
ent in the groundmass, (b) partial decomposition of the retained 
austenite present in the groundmass, and (c) relief of internal 
stresses. The removal of the brittle martensite and the internal 
stresses probably helps strengthen the irons by making it possible 
for the specimens to resist premature breakage in the tensile and 
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transverse tests. The retained austenite decomposition tends to offset 
possible softening due to the tempering of the martensite and may 
also contribute to the increase in strength, although complete de- 
composition is neither necessary nor desirable for maximum strength. 
It appears that the acicular structure per se has little to do with the 
increase in strength of the nickel-molybdenum cast irons on temper- 
ing except to furnish an indication of the presence of austenite and 
martensite in the background, and to provide a suitable medium for 
receiving the benefits of the groundmass changes during the temper- 


ing. 
SUMMARY 


(a) The isothermal transformation of austenite in nickel-molyb- 
denum cast irons has been investigated to ascertain the mode of 
formation of the acicular structures found in high strength nickel- 
molybdenum irons. The transformation curves exhibit an upper nose, 
lower nose, and an intermediate bay, just as in the case of many alloy 
steels. 

(b) The acicular structures have been established as a series of 
transformation products which are initiated by ferrite nucleation and 
which form below the pearlitic range. In the upper part of the 
acicular range, very little carbon precipitates simultaneously with 
the ferrite; instead most of the carbon diffuses into the surrounding 
austenite as the ferrite grows. Ultimately, however, a dark etching, 
ferrite-carbide aggregate emerges out of the austenite; but the latter 
does not transform completely, being partly retained and partly con- 
verted into tetragonal martensite during the cooling to room tem- 
perature. In the lower part of the acicular range, the carbon becomes 
entrapped in the growing ferrite, and precipitates in situ, thus causing 
a progressive darkening of the ferritic phase. This product also 
becomes more angular with decreasing transformation temperature 
and gradually assumes the oriented configuration of the well known 
(lower) bainite. 

(c) The production of acicular structures in as-cast nickel- 
molybdenum irons has been discussed, and the conditions of alloy 
content and section size (cooling rate) necessary to yield acicular 
products directly on casting have been investigated. 

(d) The increase in strength which occurs on tempering acicular 
nickel-molybdenum cast irons in the range of 500 to 700 degrees 
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Fahr. (260 to 370 degrees Cent.) is attributed to stress relief and to 
transformations occurring within the austenite-martensite residuum 
of the groundmass. No structural changes were observed in the 
predominant ferritic phase on tempering. 
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DISCUSSION 


Written Discussion: By Joseph F. Oesterle, associate professor, Univer- 
sity of Wisconsin, Madison, Wis. 

The authors of this paper are to be congratulated for doing a splendid 
piece of work. When acicular structures in steels are just beginning to be 
understood, it is interesting to find a study and evaluation of these same struc- 
tures in cast irons. 

Having done but little work on alloy cast irons, my comments quite 
naturally. will be very general. 

Is the hardness range after isothermal transformation limited by Rockwell 
C 23 on low side, or were lower values obtained for transformations at 
1300 and 1100 degrees Fahr. (705 and 595 degrees Cent.)? It is possible that 
we fumbled this and that Rockwell C 23 is the low value for acicular structures, 

It is hard to accept without reservation the curve in Fig. 6. We have 
never seen decreasing hardness values with decreasing isothermal transforma- 
tion temperatures. 

lf one could draw from the fund of information on steels and make a 
comparison with an S.A.E. 4640, he is impressed by the continuous ferrite shield 
over the complete pearlite and upper bainite transformation range. Because of 
shorter transformation times in the’ upper bainite region, these structures are 
more common. Angular ferrite and acicular ferrite prevail as the primary 
constituents. To obtain pearlitic structures requires longer transformation time. 
Quite often primary ferrite as a constituent of these pearlites is absent or 
obscured in the lamellae, and if one aims toward increasing times for better 
ferrite development, a spheroidized structure results. In Fig. 3a, showing par- 
tial transformation at 1300 degrees Fahr. (705 degrees Cent.), primary ferrite 
is not a distinctive phase. Would the authors comment to the end that ferrite 
suppression might be due to cementite nucleation, or that it becomes occluded 
in the structure it promotes. If so it might then be possible to say that the 
ferrite nucleation of acicular structures promotes primary ferrite as a phase 
in them. 

While Figs. 7 and 8 show that both nickel and molybdenum widen the 
acicular field, it.also shows that molybdenum is most important in making the 
acicular field available. Nickel retards both the pearlite and upper bainite 
reactions to an equal extent. This is important in controlled’ cooling rates. 

It would be interesting to learn whether the authors have determined the 
cooling rate limits for the production of acicular structures. Fig. 2 shows the 
available opportunity but the range seems narrow. 

Written Discussion: By Alden B. Greninger, Lamp Department, Gen- 
eral Electric Co., Cleveland. 

It is probable that studies such as this one, performed on alloy steels or 
cast irons, will eventually lead to an explanation of the mode of formation of 
all the bainite structures, including the bainites of plain carbon steels. The 
acicular ferrite structure, which may be produced in practically any common 
alloy steel, probably also occurs in plain carbon steels (though it has not yet 
been possible to recognize the structure with certainty in plain carbon steels), 
and constitutes a most appealing subject for metallographic study. 
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Would the authors please comment on some of the data given in Table III? 
They state that the austenite carbon content for all specimens just before 
quenching was about 0.75 per cent. A given iron (heat 3), water-quenched, 
had an austenite parameter of 3.596 A and martensite c/a of 1.025. The same 
iron, 90 per cent transformed to acicular ferrite, had an austenite parameter 
of 3.608 A and martensite c/a of 1.032. After this isothermal decomposition, 
all of the carbon atoms are now contained in 10 per cent (the undecomposed 
volume) of the specimen—if we assume, as do the authors, that the acicular 
ferrite is carbon-free. Yet the increase in austenite parameter is only 0.012 A. 
What, then, has happened to the carbon that has presumably diffused away 
from 90 per cent of the specimen volume? Apparently, it has not precipitated 
as FesC, for the authors find no cementite lines in X-ray patterns of untem- 
pered specimens. However, the authors do not state specifically whether the 
X-ray specimens were ground and polished before or after heat treatment. 
If the polishing and etching were done after heat treatment, it ig possible that 
this accounts for the nonexistence of Fe:C lines on patterns of the acicular 
structure specimens. We have found that the carbide of the bainite structures 
in plain carbon steels is profoundly affected by a polishing and etching treat- 
ment, and that the only safe procedure when dealing with the presence or 
absence of FesC in bainite structures is to heat treat the specimen in such a 
way that the surface is in no way disturbed before the X-ray pattern is taken. 
This, of course, implies that_the specimen should be shaped before treatment, 
and must be heat treated in an evacuated and sealed tube so that the surface 
does not come into contact with the liquid metal of the quenching bath. 

If the acicular ferrite is really carbon-free, and the austenite parameter 
does not increase enough to account for all the carbon, then some of this carbon 
(possibly most of it) must have precipitated as iron-carbide. I believe that 
these “missing carbon atoms” will be found at the boundaries between the 
austenite and the ‘ferrite islands, probably existing as Fe;C in a bainite-type 
aggregate. I should like to have the authors’ viewpoint on this question. 

Written Discussion: By R. J. Hafsten, metallurgist, Firestone Tire & 
Rubber Co., Fall River, Mass. 

The authors’ paper is a valuable contribution to the existing knowledge of 
the transformation of austenite at constant temperatures. The application of 
the “S” curve to iron is especially welcome as the data on commercial irons 
have not been toc complete. 

The transformation curves would have been more easily visualized, by the 
writer at least, if the combined carbon contents had been given, as it is 
probably this percentage along with the alloy content which primarily deter- 
mines the isothermal curves. 

The influence of graphite was noted by the writer in a 1.50 carbon 0.73 
silicon graphitic steel austenitized at 1650 degrees: Fahr. (900 degrees Cent.) 
and transformed isothermally at 600 and 1200 degrees Fahr. (315 and 650 
degrees Cent.). Bainite formed at 600 degrees Fahr. (315 degrees Cent.) 
was definitely nucleated at the austenite: graphite interface. The graphite had 
no effect whatsoever on the transformation product formed isothermally at 
1200 degrees Fahr. (650 degrees Cent.). The pearlite of the 1200 degrees 
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The Effect of Graphite in the Pearlite and Bainite Range of a 1.50 Carbon 0.73 Sili- 
con Steel. 


a. Partially Transtormed at 1200 Degrees Fahr. x 750. 
b. Partially Transformed at 1200 Degrees Fahr. x 100. 
ce. Partially Transformed at 600 Degrees Fahr. x 750. 
d. Partially Transformed at 600 Degrees Fahr. x 100. 
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Fahr. (650 degrees Cent.) level preferred the grain boundaries to the austen- 
ite: graphite interface. The austenite of the irons investigated by the authors 
may not have acted in the same way with respect to graphite; however, if it 
did it might be well to consider the role of graphite when interpreting the 
“S” curves. (See photomicrographs on opposite page. ) 

In steels the addition of nickel and molybdenum results in increased aus- 
tenite stability in the pearlite range and to a lesser degree in the acicular zone. 
Generally ‘in alloy steels where a bay exists, the beginning of transformation 
of austenite at temperatures corresponding to the lower nose, as the authors 
call it, is much more rapid than the beginning of transformation at the upper 
nose. The curves of the nickel-molybdenum irons are unique, in that the 
upper nose in most of the alloys actually overhangs the lower nose. Possibly 
the unusual shape of the curves may be due to the presence of graphite, 
silicon or the difference in the rate of transformation of austenite for the first 
5 minutes, at the upper and lower nose. 

It would be interesting to know the manner in which the acicular ferrite 
was nucleated. Did the first few per cent of the acicular ferrite nucleate at 
the austenite : graphite interface as Fig. 3d seems to indicate? It would appear 
that if the acicular ferrite and the bainite, formed at lower levels, nucleated in 
the same manner that this condition would support the authors’ theory of the 
formation of acicular structures. If the beginning of the bainite structure was 
nucleated at the graphite: austenite interface and the acicular ferrite was not, 
it might indicate that the theory of entrapment of carbon by ferrite may not 
be valid. 


Oral Discussion 

E. L. BarrHotomew :* It is very gratifying to us to have had this acicular 
structure studied and defined. Some four or five years ago, we discovered that 
this acicular structure was very valuable in cast iron for wearability. It had 
remarkable wearing, properties. We looked at this structure and determined 
that it was an acicular structure, but neither had the knowledge nor the time 
to define it. We discovered some peculiar things about these structures in 
cast iron. 

First of all, we found that the retained austenite which we get in either 
cold quenching or in interrupting the quenching of cast iron, was about 
25 per cent of the original structure. This retained austenite, when cold- 
worked, breaks up, we assume, into martensite. 

Now, if we have quenched our cast iron in oil or water and have an 
original martensitic structure, and then cold work this retained austenite, we 
do not get any peculiar properties in wearability, but if we interrupt the 
quench we get this acicular structure, plus retained austenite which can be 
retained at room temperature as long as desirable. If we cold work this 
combination of structures we get remarkable wearing properties in our cast 
iron, particularly in cams, gears, bushings and parts of that character. 

We made practical tests with these structures in cast iron and obtained as 
high as a hundred times the wear which we normally get with the iron as cast. 


®Chief engineer, United Shoe Machinery Corp., Beverly, Mass. 
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I want to congratulate the authors of this paper. This is a very interesting 
study. There is one more point which I would like to have cleared, that is, 
the combination of these structures. We naturally think when we break up 
austenite, we get martensite, and I wonder if we do with this combination? 
Here is a combination of structures, when cold-worked, which gives us wonder- 
ful wearing properties in cast iron. 

Similar to steels, nickel or molybdenum or a combination of nickel and 
molybdenum help us to get these acicular structures. We can also get them 
from plain cast iron. There is a value in these acicular structures, and I hope 
some of these technical research men will some day study this combination 
and tell us why they affect the wearing properties of the cast iron. 


Authors’ Reply 


Mr. Bartholomew has provided interesting data concerning the wear resist- 
ance of the acicular structure, which provide a valuable supplement to the 
data on physical ‘properties included in this paper. We have the following 
opinions to offer on the two main questions raised by Mr. Bartholomew: 

1. Why do the acicular ferrite + retained austenite structures provide 
wear resistance superior to the martensite + austenite structures produced by 
oil or water quenching? 

2. Does the retained austenite of the acicular structure transform to 
martensite on cold working? 

We believe that the comparatively soft, acicular ferrite is capable of 
deforming to accommodate the volume change accompanying the austenite 
decomposition on cold working. The entirely martensite-austenite structures 
produced by water quenching lack the cushioning effect of a softer constituent, 
and may thus be more subject to microscopic chipping and cracking during the 
run-in period. 

With regard to the second question, we feel that the portion of the retained 
austenite which transforms on cold working does transform to martensite 
for the following reasons: 

(a) If a specimen is quenched from 1600 degrees Fahr. (870 degrees 
Cent.) to an acicular formation temperature, e.g., 700 degrees Fahr. (370 
degrees Cent.), then allowed to transform partly, then quenched to room tem- 
perature, not only acicular ferrite and retained austenite but also martensite 
will be found. Since, during cooling, this martensite formed from austenite 
co-existing with the acicular ferrite at 700 degrees Fahr. (370 degrees Cent.), 
there is good reason to believe that the residual austenite may be changed to 
martensite by cold working. 

(b) On cooling specimens containing acicular ferrite to below room 
temperature, ic. —100 degrees Fahr. (—75 degrees Cent.), an. increase in 
specific volume and an increase in hardness are observed. This constitutes a 
further indication that martensite will be the transformation product of the 
retained austenite. Finally, the extensive investigations of retained austenite 
in alloy steels point to this conclusion as well. 

Professor Oesterle has asked whether hardness values below Rockwell C 23 
were obtained above or below 1200 degrees Fahr. (650 degrees Cent.). Fig. 6 
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indicates that hardnesses from Rockwell C 27 to 34 were found at 1100 degrees 
Fahr. (595 degrees Cent.). At 1250 and 1300 degrees Fahr. (675 and 705 
degrees Cent.), lower hardness values were observed. However, where values 

below Rockwell C23 were found, the structures invariably showed signs of 

graphitization, and the hardness of the pearlitic transformation products could 

not be obtained, It is to be noted that the products formed in this temperature 

range are pearlitic and not acicular as mentioned in the discussion. Regarding 

Professor Oesterle’s comment on Fig. 6, where a decrease in hardness of the 

transformation products is shown with decreasing transformation temperature 

in the range 1100 to 900 degrees Fahr. (595 to 480 degrees Cent.), similar 

phenomena have been found and described by the authors of references 1 and 2 

in the bibliography. 

We believe primary ferrite was not obtained in the pearlite and upper 
bainite regions because of the approximately eutectoid combined carbon content 
of the cast irons. Hence, our data are not directly comparable to the hypo- 
eutectoid S.A.E. 4640 steel. 

Mr. Hafsten’s data regarding nucleation in graphitic steels are an interest- 
ing contribution. The photomicrographs in the paper, Figs. 3d and e, indicate 
that the austenite-graphite interface was equally conducive to the formation 
and growth of upper and lower temperature acicular structures, and are repre- 
sentative of our general observations. 

Dr. Greninger’s comments are well taken and provide a welcome oppor- 
tunity for further discussion of acicular ferrite formation. We agree that the 
small increase in austenite and martensite lattice parameters in material con- 
taining 90 per cent acicular ferrite is insufficient to indicate that the original 
0.75 per cent carbon is contained in the austenite-martensite residuum. We 
believe, further, that the experimental technique required in dealing with this 
coarse-grained material may have prevented us from determining traces of iron 
carbide. We do ‘not feel, however, that either of these points affects sub- 
stantially the description of acicular structure formation as presented in the 
paper; that is, as the precipitation of ferrite, which is comparatively free from 
carbide, when formed at high temperatures (900 degrees Fahr.) and which 
entraps increasing amounts of carbide at lower transformation temperatures. 
The precipitation of this relatively low carbon product results in the increased 
carbon content of the residuum. However, the austenite is only capable of 
dissolving a limited amount of carbon and the remainder probably precipitates 
in the groundmass as finely divided carbides. Apparently, our technique of 
polishing and etching the surfaces to be X-rayed was not favorable for the 
X-ray detection of these carbides. The rejected carbides are probably to be 
found not only at the ferrite-matrix interface, but also throughout the ground- 
mass, for if the carbides were only at the interface, the continued growth of 
the acicular ferrite would not occur as observed. 

We are very much interested in Dr. Greninger’s experience with the X-ray 
detection of finely dispersed FesC particles, and hope to take advantage of his 
suggestions in our future work. 














ELIMINATION OF THE APPARENT HOT BRITTLENESS 
OF 050 MOLYBDENUM STEEL 


By C. L. Crark anp J. W. FREEMAN 


Abstract 


This paper first presents the results from prolonged 
rupture tests on 0.50 molybdenum steel at-temperatures 
of 950 to 1400 degrees Fahr. (510 to 760 degrees Cent.), 
inclusive. These findings show this steel to fail with a 
brittle fracture at certain of these temperatures, and 
especially is this true at 950 and 1000 degrees Fahr. (510 
and 540 degrees Cent.). 

The effect of the addition of other alloying elements 
on the rupture strength and ductility to fracture of 0.50 
molybdenum steel is then considered and it was found 
that this apparent hot brittleness can be eliminated by the 
addition of chromium or chromium plus silicon but not 
by silicon alone. The addition of chromium or chromium 
plus silicon, in the amounts considered, likewise increased 
the rupture strength. 

The low ductility to rupture of 0.50 molybdenum 
steel is believed to be associated with intergranular crack- 


ing, but intergranular fractures do not necessarily imply 
low ductility. 






























































S early at 1936* it was shown that the ductility up to rupture of 

plain carbon steel decreased with increasing fracture time at 
1000 degrees Fahr. (540 degrees Cent.). In fact, after a fracture 
time of about 14,000 hours (6000-pound stress) the total elonga- 
tion was only 11.0 per cent as compared to 42.5 per cent for the 
short time tensile specimen at this same temperature. Later work 
has shown that this loss of ductility is not confined to the plain 
carbon steels. 

In 1937? R. W. Bailey stated the belief that probably all of 


1A. E. White, C. L. Clark and R. L. Wilson, “Influence of Time at 1000 Degrees 
Fahr. on the Characteristics of Carbon Steel,’ Proceedings, American Society for Testing 
Materials, Vol. 36, 1936, Pt. II, p. 139-160. 


2R. W. Bailey, “Creep and Engineering Designs,’ International Association for Test- 
ing Materials, London Congress, 1937, Group A—Metals, p. 15-17. 
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the low alloyed, creep resistant steels failed by intergranular crack- 
ing with an accompanying low ductility. In many of his more recent 
articles particular mention has been made of 0.50 molybdenum steel 
in this respect and in 1940* he again advised against designing for 
total deformation in excess of 0.50 per cent. More recently E. L. 
Robinson* and R. H. Thielemann® have called attention to the appar- 
ent hot brittleness of 0.50 molybdenum steel. 

Most of the work which has been reported to date has been 
confined to rather narrow temperature ranges and consequently 
little is known with respect to the influence of temperature on this 
phenomenon. Likewise it is often assumed that when this appar- 
ent brittleness is observed in a given steel, it will also be present 
in all steels of the same general type. For these reasons it was 
' believed advisable to investigate 0.50 molybdenum steel over a rather 
wide temperature range and to compare its characteristics with those 
of other steels which differed primarily in their chromium and silicon 
contents. 


STEELS INVESTIGATED 


The chemical composition, heat treatment and resulting Brinell 
hardness of the alloys considered are given in Table I. The steels 
are all of the so-called low ailoy type and differ in the amount of 
chromium and silicon which they contain. For example, Silmo 
differs from 0.50 molybdenum mainly in its silicon content, and 
DM-2 is similar to 0.50 molybdenum except for its chromium con- 
tent. DM contains somewhat greater silicon and chromium than 
does DM-2, while Sicromo 1 differs from DM only in its increased 
silicon content. 

These steels were taken from commercial heats and were 
furnished by the Steel and Tube Division of The Timken Roller 
Bearing Co. They were all available as 1l-inch hot-rolled bars and 
were annealed from 1550 degrees Fahr. (845 degrees Cent.). After 
this treatment their Brinell hardness values ranged from 121 to 
156, with the addition of both silicon and chromium tending to 
increase the hardness. 


8R. W. Bailey, ‘“‘Failure of Still Tubes,”’ Metat Procress, January 1939, p. 71. 

4E. L. Robinson, “High Temperature Rupture and Creep Strength,’’ American Society 
for Testing Materials, 1940 Convention. 

5R. H. Thielemann, “Some Effects of Composition and Heat Treatment on the High 


Temperature Rupture Properties of Ferrous Alloys,” American Society for Testing Mate- 
rials, 1940 Convention. 











1286 TRANSACTIONS OF THE A. S. M. December 











Table I 
Chemical Composition, Heat Treatment and Brinell Hardness of Indicated Steels 
Chemical Composition———___, Heat Treatment Brinell _ 

Steel GS Mn Si Mo Cr Deg. Fahr. Hardness 
0.50 Mo. 0.13 0.49 0.25 0.52 aaa Ann. 1550 121 
Silmo 0.11 0.19 1.35 0.50 ais Ann, 1550 146 
DM-2 0.10 0.36 0.25 0.55 0.97 Ann. 1550 128 
DM 0.07 0.42 0.72 0.54 1.24 Ann. 1550 123 
Sicromo 1 0.15 0.42 1.37 0.54 1.30 Ann. 1550 156 

RESULTS 


The findings obtained with the 0.50 molybdenum steel will first 
be presented after which the influence of silicon, chromium and 
silicon plus chromium additions on these characteristics will be 
discussed. 

0.50 Molybdenum Steel—Stress-rupture tests for time periods 
up to a maximum of 4000 hours were conducted on this steel at 
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Fig. 1—Stress Rupture Curves for 0.50 Molybdenum Steel at Indicated Tempera- 
tures. 


temperatures varying from 950 to 1400 degrees Fahr. (510 to 760 
degrees Cent.). The stresses and corresponding fracture times are 
shown, plotted to logarithmic co-ordinates, in Fig. 1, while Fig. 2 
is a corresponding plot of ductility, as measured by the per cent 
elongation in 2 inches, versus fracture time. 

While this paper is primarily concerned with the ductility char- 








1942 ELIMINATING HOT BRITTLENESS 1287 


acteristics, there are certain facts concerning the stress versus frac- 
ture-time relationship which should be emphasized. From Fig. 1 
it is evident that at each of the temperatures considered this steel 
exhibits a break in its original logarithmic relationship at time periods 
varying from about 200 to 30 hours. This break is usually asso- 
ciated with instability of either the structural or surface type. From 
the physical appearance of the more prolonged rupture specimens, 
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Fig. 2—Influence of Time and Temperature on the Ductility to Fracture of 0.50 
Molybdenum Steel. 


this break at temperatures-of 1200 degrees Fahr. (650 degrees Cent.) 
and higher is definitely due to lack of surface stability, as consider- 
able scaling occurs. At the lower temperatures it may be due 
either to the relative degree of strain hardening and recrystallization 
or else to intergranular cracking. 

A condition exists at 1100 degrees Fahr._ (595 degrees Cent.) 
which has not been previously observed in any of the other steels 
considered to date, except Silmo. With both of these steels a 
second break occurs in the vicinity of 1000 hours which results in 
a strengthening, rather than a weakening, effect. As will be 
shown later, a similar change likewise occurs in the ductility char- 
acteristics at this temperature. 

The ductility up to fracture of this steel, Fig. 2, decreases, 
for each of the fracture time periods considered, as the temperature 
is raised from 950 to 1000 degrees Fahr. (510-540 degrees Cent.), 
and after 4000 hours the respective elongation values are only 6.0 and 
5.0 per cent. For time periods up to 100 hours, the ductility under- 
goes a further decrease as the temperature is raised to 1100 degrees 
Fahr. (595 degrees Cent.), reaching a minimum value of 8.0 per 
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cent. It then increases, attaining a value of about 20 per cent at 

1250 hours, followed by a decrease to 15.0 per cent at 4000 hours. 
As the temperature is increased above 1100 degrees Fahr. (595 

degrees Cnet.), the ductility tends to increase, especially for the 
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Fig. 3—Influence of Fracture Time on the Ductility of 
0.50 Molybdenum Steel. 
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shorter fracture time periods. This condition is more clearly shown 
in Fig. 3. For a fracture time of 100 hours the minimum ductility 
exists at 1100 degrees F. (595 degrees Cent.) and the maximum at 
1300 degrees Fahr. (705 degrees Cent.). For the longer times, how- 
ever, the minimum is at about 1000 degrees Fahr. (540 degrees Cent.) 
and the maximum at 1100 to 1200 degrees Fahr. (595 to 650 degrees 
Cent.). 

In a recent paper by E. L. Robinson‘ it has been assumed that 
a straight-line relationship exists when ductility and fracture time 
are plotted to logarithmic co-ordinates. In this work such a con- 
dition was not found to exist for 0.50 molybdenum steel, Fig. 2, 
or for any of the other steels considered, Fig. 4. In fact, at both 
950 and 1000 degrees Fahr. (510 and 540 degrees Cent.) it- would 
appear from these findings that the minimum ductility was obtained 
with 0.50 molybdenum steel after a fracture time of about 1000 
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Fig. 4—Influence of Time for Rupture on the Ductility of Indicated Steels at 900 to 
1400 Degrees Fahr. 
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hours, for at neither of these temperatures did the elongation values 
change as the fracture time was further extended to 4000 hours. 

Silicon Modification—In order to determine if surface stability 
under mildly oxidizing conditions was a factor in this apparent 
hot brittleness of 0.50 molybdenum steel, rupture tests were under- 
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taken at 1000 and 1100 degrees Fahr. (540 and 595 degrees Cent.) on 
Silmo, which differed from the standard analysis in that it con- 
tained 1.37 per cent, rather than 0.25 per cent, silicon. Previous 
work had indicated that oxidation resistance to be appreciably im- 
proved by this increased silicon content. 

The elongation characteristics of specimens fractured over 
time periods up to 4000 hours are included in Fig. 4 and it is 
apparent that the increased silicon content has had little influence 
on the ductility to fracture. At 1000 degrees Fahr. (540 degrees 
Cent.), the most prolonged specimen showed exactly the same elon- 
gation, 5.0 per cent, while at 1100 degrees Fahr. (595 degrees Cent.), 
the values are very similar, 15 per cent for 0.50 molybdenum steel 
and 14.0 per cent for Silmo. It should also be noted that Silmo 
undergoes the same reversal in ductility at 1100 degrees Fahr. (595 
degrees Cent.) and at the same time period as for 0.50 molybdenum 
steel. 

Chromium Addition—A comparison of the characteristics of 
DM-2 and 0.50 molybdenum steels will indicate the influence of 
an addition of 1.0 per cent chromium on the ductility to fracture. 
These results are likewise included in Fig. 4 for temperatures of 
1000, 1100 and 1200 degrees Fahr. (540, 595 and 650 degrees Cent.). 

Tests were also conducted on this steel at 900 degrees Fahr. 
(480 degrees Cent.), but because of its pronounced strain harden- 
ing it was not possible to produce failure. One test under 50,000 
pounds, which is only 8000 pounds below the tensile strength, was 
continued for 6000 hours. The total elongation at the end of this 
period was of the order of 3.0 per cent, but most of this was ob- 
tained during the first 500 to 1000 hours and from the shape of 
the time-elongation curve it was apparent that fracture would not 
result for at least many more thousands of hours. The Brinell 
hardness of this completed rupture specimen was 190 as compared 
to 128 for the original steel, thus indicating the ability to strain 
harden at this temperature. 

For corresponding fracture time periods, DM-2 possesses a 
higher ductility up to fracture than does 0.50 molybdenum steel. 
When approximately 1500 hours is required for rupture, the elon- 
gation of DM-2 at 1000 degrees Fahr. (540 degrees Cent.) is 10.0 
per cent, at 1100 degrees Fahr. (595 degrees C.), 32.0 per cent, and 
at 1200 degrees Fahr. (650 degrees Cent.), 33.0 per cent. The cor- 
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responding values for 0.50 molybdenum steel are 5.0, 19.0 and 19.0 
per cent, respectively. 

While the tests on this steel were not conducted for as pro- 
longed time periods as with 0.50 molybdenum steel, it definitely ap- 
pears that the addition of chromium in this amount has decreased 
the tendency towards hot brittleness at temperatures. of 1000 to 
1200 degrees Fahr. (540 to 650 degrees Cent.), inclusive. 

Chromium Plus Silicon Additions—The DM and Sicromo 1 
steels differ from DM-2 in their slightly higher chromium content, 
approximately 1.25 per cent as compared to 1.0 per cent, and also 
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Fig. 5—Comparative Hot Ductility to Fracture of Indicated 
Steels. 









in that they contain about 0.75 and 1.35 per cent silicon, respectively. 
Their results should therefore show the influence of increasing sili- 
con content, in the presence of chromium, on the hot ductility to 
fracture. 

The results for DM at 1000, 1200, 1300 and 1400 degrees Fahr. 
(540, 650, 705 and 760 degrees Cent.) are also given in Fig. 4. At 
1000 degrees Fahr. (540 degrees Cent.), the elongation (for a frac- 
ture time of 4000 hours was about 24 per cent as compared to 5.0 
per cent for 0.50 molybdenum, and after 6000 hours this value 
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increased to 28.0 per cent. Likewise at the higher temperatures, and 
for corresponding fracture times, DM is superior in this respect. 
At 1200 degrees Fahr. (650 degrees Cent.), and for a fracture time 
of 4000 hours, its elongation is 46.0 per cent, while at 1300 and 1400 
degrees Fahr. (705 and 760 degrees Cent.) its elongation after 1000 
hours is 35.0 and 48.0 per cent, respectively. The corresponding 
values for 0.50 molybdenum are 13.0, 12.0 and 18.0 per cent. 
From this it follows that DM is superior to both 0.50 molyb- 
denum and DM-2 in its ability to retain its hot ductility under the 
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Fig. 6—Rupture Strength of Designated Alloy 
Steels. 


combined influence of time and stress, and this in turn implies that 
the simultaneous addition of chromium and silicon is more effec- 
tive in this respect than the addition of chromium by itself. On 
the other hand, as previously noted, silicon by itself is not bene- 
ficial. 

The preceding statements are further substantiated by the re- 
sults obtained with Sicromo 1, Fig. 4. At 900 degrees Fahr. (480 
degrees Cent.), the minimum elongation value obtained, even after 
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a fracture time of 11,000 hours, was 17.0 per cent as compared with 
6.0 per cent for 0.50 molybdenum at 950 degrees Fahr. (510 degrees 
Cent.) in 4000 hours. Tests at 1000 degrees Fahr. (540 degrees 
Cent.) were only conducted up to 1550 hours, but for this time 
period the elongation was 18.0 per cent as compared to 5.0 per 
cent for 0.50 molybdenum. On the other hand, tests of over 14,000 
hours duration at 1100 degrees Fahr. (595 degrees Cent.), showed 
a minimum elongation of 42.5 per cent, which compares to 15.0 per 
cent for 0.50 molybdenum after 4000 hours. Likewise at 1200 de- 
grees Fahr. (650 degrees Cent.) its ductility appears to be nearly 
three times as great as that of the carbon-molybdenum steel. 

With the possible exception of 1000 degrees Fahr. (540 degrees 
Cent.), Sicromo 1 retains a better degree of hot ductility than any 
of the other steels considered, while at 1000 degrees Fahr. (540 
degrees Cent.) DM is superior in this respect. Thus an increase 
in the silicon content, from 0.75 to 1.35 per cent, appears to be of 
distinct advantage in steels containing about 1.25 per cent chromium. 
The differences existing between the ductility values of the steels 
considered can be more readily observed from Fig. 5 while Fig. 6 
shows that the addition of the varying amounts of chromium and 
silicon have not had a detrimental influence on the rupture strength 
characteristics. 
























DIscuSSION OF RESULTS 









In an attempt to explain the differences in the behavior of these 
steels in their ability to retain good hot ductility under the com- 
bined influence of time and stress, the fractures of the more pro- 
longed rupture specimens were examined microscopically. Cer- 
tain of these results are given in the photomicrographs of Figs. 7, 
8 and 9. 

The carbon-molybdenum and Silmo steels showed, intergranular 
fractures at each of the temperatures considered with the grains 
in the vicinity of the fracture being equi-axed and strain-free. At 
temperatures up to and including 1100 degrees Fahr. (595 degrees 
Cent.), intergranular cracking occurred throughout the gage length. 
At 1200 and 1300 degrees Fahr. (650 and 705 degrees Cent.) the 
structures of 0.50 molybdenum steel were of the same type except 
that little intercrystalline cracking occurred. 

From these findings it might be concluded that the low ductil- 
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Fig. 7—Microstructures of the Fracture of the More Prolonged Rupture Speci- 
mens of 0.50 Molybdenum Steel. x 100. 
Fig. 7a—950 Degrees Fahr., 24,000 Pounds, 2902 Hours; Fig. 7b—1000 Degrees 
Fahr., 16,000 Pounds, 3978 Hours; Fig. 7-—1100 Degrees Fahr., 6000 Pounds, 3936 
ours. 


ity of the Silmo and 0.50 molybdenum steels is entirely due to the 
intergranular type fracture and the intercrystalline cracking. This, 
however, by itself would not explain the increased ductility at 1100 
degrees Fahr. (595 degrees Cent.). However, hardness examinations 
made of these specimens show that appreciable softening occurred 
at 1100 degrees Fahr. (595 degrees Cent.), strain hardening at 950 
degrees Fahr. (510 degrees Cent.) and no change im hardness at 
1000 degrees Fahr. (540 degrees Cent.). From this it would appear 
that the notch effect, due to intercrystalline cracking, does not exert 
as pronounced an effect on the resulting ductility when the material 
undergoes softening as it does when the steel strain hardens or 
retains its original hardness. 
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Fig. 7—Microstructures of the Fracture of the More Prolonged Rupture Speci- 
mens of 0.50 Molybdenum Steel. xX 100. 
Fig. 7d—1200 Degrees Fahr., 4000 Pounds, 3244 Hours; Fig. 7e—1300 Degrees 
a 2000 Pounds, 1513 Hours; Fig. 7f—1400 Degrees Fahr., 700 Pounds, 1767 
ours. 


The structures of the DM-2 steel are not included as they are 
very similar to those of 0.50 molybdenum and Silmo, except that 
the intercrystalline cracking is much less pronounced at 1000 de- 
grees Fahr. (540 degrees Cent.) and is lacking at 1100 and 1200 
degrees Fahr. (595 and 650 degrees Cent.). This steel undergoes 
strain hardening at 900 and 1000 degrees Fahr. (480 and 540 ‘degrees 
Cent.) and softening at 1100 and 1200 degrees Fahr. (595 and 
650 degrees Cent.) under the stresses and time periods used. Its 
original hardness was nearly identical to that of 0.50 molybdenum, 
yet for about the same fracture time period at 1000 degrees Fahr. 
(540 degrees Cent.) its Brinell hardness was 30 points in excess 
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Fig. 8—Microstructures of the Fracture of the More Prolonged Rupture 
Specimens of Silmo. xX 100. 

Fig. 8a—1000 Degrees Fahr., 16,000 Pounds, 3720 Hours; Fig. 8b—1100 
Degrees Fahr., 7000 Pounds, 4032 Hours. 


of that of the carbon-molybdenum steel. The decreased suscepti- 
bility of DM-2 to intergranular cracking probably accounts for its 
increased ductility to fracture. 

The structures of Sicromo 1 at 900 and 1000 degrees Fahr. 
(480 and 540 degrees Cent.) are likewise similar to those for 0.50 
molybdenum steel, except that the intercrystalline cracking is even 
less pronounced than with DM-2. This steel strain hardens at both 
of these temperatures; therefore the increased ductility is evidently 
due to its relative freedom from intergranular cracking. The struc- 
tures of this steel at 1100 and 1200 degrees Fahr. (595 and 650 
degrees, Cent.) are different from those at the lower temperatures 
in that the grains in the vicinity of the fracture are deformed, in 
the direction of the stress, and not equi-axed. The hardness, after 
the tests at both of these temperatures, is considerably less than that 
of the original steel and the grains evidently have sufficient plasti- 
city to adjust themselves without undergoing strain hardening. 

The DM steel at 1000 degrees Fahr. (540 degrees Cent.) differs 
from all the others in that its structural characteristics at the frac- 
ture are typical of those for a metal which undergoes strain hard- 
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: Fig. 9—Microstructures of the More Prolonged Rupture Specimens of Sicromo 
; - 100. 
Fig. 9a—900 Degrees Fahr., 37,500 Pounds, 11,040 Hours; Fig. 9b—1000 


Degrees Fahr., 28,000 Pounds, 1505 Hours; Fig. 9c—1100 Degrees Fahr., 7000 
Pounds, 14,172 Hours; Fig. 94d—1200 Degrees Fahr., 5500 Pounds, 1706 Hours. 


ening at temperatures below the equi-cohesive temperatures. The 
path of fracture is transcrystalline, with the grains in the vicinity 
of the fracture being severely strained and deformed. No inter- 
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crystalline cracking occurred and at 1000 degrees Fahr. (540 degree 
Cent.) this steel possessed the greatest ductility of any of the ste, 
considered. At the higher temperatures its structural characteristig 
are similar to those of Sicromo 1. 

The question may be raised as to whether or not this apparey 
hot brittleness, and the type structures observed, only occur unde 
overstressed conditions or whether they would also result fro 
stresses more comparable to those used in service. In this respect, 
E. C. Wright and H. Habart® have stated intergranular type fri. 
tures to be very rare in service, but R. W. Moore’ later pointed oy 
that such was not the case. 

On the basis of our laboratory results it does not seem reason. 
able to expect that the ductility and type-fracture characteristic 
would undergo a change as the time for fracture was further is. 
creased, that is, as the stress was decreased. It is true that a tend. 
ency of this type, with respect to the ductility characterisics, doc 
occur in 0.50 molybdenum and Silmo at 1100 degrees Fahr. (5% 
degrees Cent.), but it should be noted that even in this case the duc. 
tility again decreases at a relatively rapid rate as the fracture time 
is extended beyond 1500 hours. R. W. Bailey*® has recently stated 
that, in their very prolonged rupture tests, the ductility is stil 
continuing to decrease with increasing fracture time. 


CONCLUSIONS 


The results obtained from rupture tests on 0.50 molybdenum 
steel, for time periods up to 4000 hours, show this analysis to pos 
sess a low ductility to fracture, especially at temperatures of 9%) 
and 1000 degrees Fahr. (510 and 540 degrees Cent.). The ques 
tion still exists as to whether such would also be the case unde 
time periods, or stresses, more comparable to those employed com- 
mercially, but no evidence is available to date which would indicat: 
a reversal in the ductility characteristics. 

This apparent hot brittleness is not eliminated by the addition 
of silicon, as in Silmo, but the addition of 1.0 to 1.50 per cell 
chromium, or preferably chromium plus silicor, does exert a markt! 
beneficial influence. Sicromo 1 and DM were found to be ot 
standing of the steels considered. 


SE. C. Wright and H. Habart, ““Typical nye of Still Tubes in Refineries,” A—C* 
bon Steel Tubes, Meta Procress, Nov. 1938, 3-578. Apel 
‘as TR. ad Moore, “Failure of Low Carbon Steel Still Tubes,” Metals and Alloys, Ar 
1940, p. 1 
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The decreased hot ductility of the carbon-molybdenum steel is 
believed to be mainly due to the intercrystalline cracking which oc- 
curs over the gage section. This cracking appears to be more 
detrimental at those temperatures at which the steel does not under- 
go softening, as at 950 and 1000 degrees Fahr. (510 and 540 de- 
grees Cent.) for 0.50 molybdenum steel. Intercrystalline frac- 
tures, by themselves, do not necessarily produce low ductility as is 
evidenced by the results obtained with Sicromo 1 and DM-2. 


DISCUSSION 


Written Discussion: By George W. Watts, Standard Oil Co., Chicago. 

The authors are to be commended upon their careful analysis and interest- 
ing presentation of the data obtained from the rupture tests reported in this 
paper. 

It would be interesting to know whether the elongation at failure from 
two-dimensional and three-dimensional stresses would be more or less than 
the elongation accompanying failure from single dimensional stresses at the 
temperatures under consideration; and the writer would like to inquire as to 
whether the authors have any information which would throw any light on 
this question. 

The company with which the writer is associated has for some time made 
a practice of designing furnace tubes (including both carbon steel and carbon- 
molybdenum steel tubes) for a total diametral creep of 5 per cent during the 
life of the tube allowing for the integrated effect of corrosion metal during 
the predicted life. This has proved a very satisfactory basis for design and 
such failures as have occurred in service have almost invariably been traceable 
to severe localized overheating (to temperatures of possibly 1400 or 1500 
degrees Fahr.) and been accompanied by pronounced bulging. Tubes that this 
company has removed from service by reason of their having corroded to the 
minimum allowable thickness have usually shown little, if any, increase in 
diameter but, considering that metal temperatures around the circumference 
of a furnace tube normally vary considerably depending upon the degree of 
exposure to radiant heat, it is possible that appreciable creep may have 
occurred in some small portion of the circumference without exhibiting a 
marked effect on the over-all dimensions. Thus, it is not known whether the 
maximum deformation occurring in portions of tubes in this latter class has 
been more or less than the elongation at which failure might have been 
expected to occur according to the tests reported in this paper. However, this 
company’s experience does appear to indicate that, insofar as furnace tubes 
are concerned, the low ductility of carbon steel and carbon-molybdenum steel 
at temperatures of the order of 950 and 1000 degrees Fahr. (510 and 535 
degrees Cent.) is not particularly hazardous. 
oi _ a be borne in mind, however, that furnace tubes are unusually 
veal ey raisers. The same is not true of such quipment as pressure 

it appears to the writer that the low ductility of carbon steel and 
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carbon-molybdenum steel at temperatures of the order of 950 and 1000 degre 
Fahr. (510 and 535 degrees Cent.) might very easily result in failure at points 
of severe stress intensification in such equipment operating at these temperature, 
where a more ductile material of the same strength might safely Withstay 
the same conditions by permitting a readjustment of stresses before {ily 
could occur. 


Written Discussion: By R. F. Miller and G. V. Smith, United Sta. 
Steel Corp., Research Laboratory, Kearny, N. J. | 

This paper is a welcome addition to the long series of publications ) 
Clark and associates on the subject of the properties of metals at eleyat 
temperature. The subject of brittleness is a vital one from an industrial stay). 
point, and one which is most interesting from the standpoint of the fundament 
behavior of metals under stress at elevated temperature. 

As far back as 1924, Jeffries and Archer suggested the existence of » 
“equicohesive” temperature, now more properly conceived to be a temperatur 
range, above which the grain boundaries would be weaker than the grains ay 
below which the grain boundaries would be stronger than the grains. Accori- 
ing to their basis of reasoning, coarse grain material should be stronger x 
elevated temperature because it has less grain boundary material, while tk 
reverse should be true at low temperature. In the intervening 17 years, co. 
siderable evidence has accumulated to verify this idea. 

Another implication of the concept of an equicohesive temperature rang 
has, however, received very little attention. If the grain boundaries at elevate! 
temperature are weaker than the grains themselves, it follows that failure under 
creep conditions will occur at the weakest point in the metal, at the gran 
boundaries. According to this view, intergranular failure at elevated temper 
ture is normal, and need not be explained on the basis of “embrittlement” or 
“intergranular oxidation”. This idea of intergranular failure at elevated ten 
perature is appealing in its simplicity, but in practice there are numero 
complicating factors which influence the type of fracture and particularly tix 
amount of elongation preceding fracture. 

The following complications are encountered in the steels discussed i 
this paper. In the annealed state, these steels contain unstable lamellar carbitt 
which changes toward the more stable spheroidized carbide at temperatures 0 
1000 degrees Fahr. (535 degrees Cent.) and above; this structural chang 
results in a reduction of creep strength. A precipitate of complex molybdenum 
carbide is known to develop in molybdenum-bearing steels after several thov 
sand hours at 1000 degrees Fahr. (535 degrees Cent.) or several hundret 
hours at 1100 degrees Fahr. (595 degrees Cent.) ; this results in an increase 
in creep strength. Stresses of the magnitude used in this work accelerate ™ 
structural and mechanical property changes. For temperatures above 130 
degrees Fahr. (705 degrees Cent.), another factor which enters the picturt 
is that of allotropic transformation. Thus, in the temperature range studied 
by the authors, these steels undergo several important and complicated ae 
tural changes. It is, perhaps, no wonder that there exist maxima and mimm 
in the graphs relating amount of elongation with time or temperature. 

Much more information is needed in order to thoroughly understand what 
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is going on in these steels. For example, stress time for rupture data for all 
the steels (given for carbon-molybdenum steel), statement of type of fracture, 
and the initial and final microstructure would be most helpful. 

While it is interesting to note that the addition of chromium and silicon 
improves the ductility of carbon-molybdenum steel, we have found that a 
similar change can be produced in carbon-molybdenum steel itself by varying 
its heat treatment. In an investigation, the results of which are to be presented 
in the near future, we have found that carbon-molybdenum steel can be made 
to behave in a brittle or a ductile fashion at 1000 and 1100 degrees Fahr. (535 
and 595 degrees Cent.) depending upon the rate of straining and upon whether 
the original structure contained lamellar or spheroidized carbides. Specimens 
with a spheroidized structure, tested at slow rates or straining, have shown as 
much as 100 per cent elongation preceding intergranular failure. The inter- 
granular mode of failure in these specimens is in accord with Clark and Free- 
man’s results indicating that intergranular fractures do not necessarily mean 
low ductility. 


Oral Discussion 


R. L. Wirson :* I think it may not be amiss to remark that a limitation 
is possibly necessary in considering the compositions involved in this paper. 
Conceivably, we could have as much as 1% per cent chromium and perhaps up 
to 1% per cent silicon added to what is ostensibly a half per cent molybdenum 
steel, but it would then by no means be a simple carbon- — steel as 
we think of that composition. 

It might therefore be desirable to see with what minimum quantities of 
chromium and silicon the desirable effects could be obtained. Undoubtedly, 
the principal shortcoming of the carbon-0.50 molybdenum steel is the tendency 
toward non-ductile fracture. On the other hand, this type possesses numerous 
advantages. It is rather reasonably priced in the field which it serves, it is an 
open-hearth product, and the hardening elements are low, with the result that 
the steel can be used, commercially in many forms, either as-rolled or after 
very simple forms of treatment, and finally, the welding quality is quite 
excellent considering the many features involved. 

If large quantities of chromium and silicon are added to such a composition, 
it is quite obvious that many of these valuable properties will be sacrificed. 
From the literature we have good evidence that small amounts of chromium 
will make measurable increases in the creep strength when added to the carbon- 
0.50 molybdenum steel. This might suggest that possibly a chromium addition 
of the order of 0.4 to 0.8 per cent would increase creep strength significantly 
without impairing any of these other valuable properties. 

There is also evidence that silicon might be raised to 0.75 per cent without 
causing a loss in creep strength. The net result of these speculations is that 
we could possibly bring out combinations of elements, such as 0.4 to 0.8 per 
cent chromium, and about 0.6 per cent silicon, in the standard carbon-0.50 
molybdenum type, and have a distinct improvement over the regular type as 


‘Metallurg 


W ical engineer, Alloys and Specifications Division, War Production Board, 
ashington, D. C. 
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far as the non-ductile fractures are concerned, while preserving all the x. 
vantages that type is known to have. 


Authors’ Reply 


We appreciate the discussion which has been offered to this paper and ar 
pleased to learn that Dr. Miller agrees that intergranular fractures and inte. 
granular cracking do not necessarily imply low ductility always accompanie 
intergranular fractures. If this were true then all steels would be brittle x 
the more elevated temperatures and this is of course not the case. 

We likewise agree with Dr. Miller that the ductility to fracture of carbop. 
molybdenum steel can probably be improved by certain types of heat treatment 
A very severely spheroidized structure will improve the ductility, This typ 
of structure however greatly decreases the creep strength and thus the primary 
purpose for the addition of molybdenum is thus nullified. In other word 
molybdenum is added to steel to improve the creep strength and if it 
necessary to resort to a highly spheroidized structure then carbon steel might 
just as well be used. 

Mr. Watts has raised an interesting question as to the effect of multiple 
stresses, such as occur in tubular members, on the ductility to fracture. As yet 
little information is available on this subject. It is true, however, that 1% 
shows low ductility in pure tension stress-rupture tests and likewise brittle 
fractures when in tubular form. This by itself would indicate multiple stresses 
not to be a pronounced factor. 

We appreciate Mr. Wilson’s comments with respect to various modification; 
other than those considered in this paper. It may be true that 0.4 to 08 per 
cent chromium might be sufficient to eliminate the apparent hot brittleness 
While Mr. Wilson does not so state, we believe he is suggesting these lower 
chromium contents in order not to affect the weldability of 0.50 molybdenum 
steel. We have found, however, that the addition of 1.0 to 1.5 per cent chro 
mium does not greatly change the weldability of 0.50 molybdenum steel. It i: 
true that an increase in hardness occurs during welding but this is also the cas 
with 0.50 molybdenum steel. All steels of these types should be preheated 
prior to welding and stress relieved afterwards and when this procedure s 
followed there is not much difference in the weldability characteristics of a 
of the analyses discussed in this paper. 





X-RAY STUDY OF THE A, POINT OF PURE IRON USING 
THE GEIGER-MULLER COUNTER 


By Atton P. WANGSGARD 


Abstract 


A new technique of observing crystal phase changes 
has been developed and has been applied with success to 
the A, phase change of iron. The Ac, point of pure tron 
in an atmosphere of pure dry hydrogen has been found to 
be 910.5 + 0.6 degrees Cent. The Ar, point lies between 
2 and 2% degrees Cent. below the Ac, pont even for 
very slow rates of cooling. Body-centered and face- 
centered cubic crystals of iron may coexist over a tem- 
perature range of approximately 2% degrees Cent. with 
some sort of equilibrium between them. The fact that 
crystals will occasionally disintegrate and reform rapidly 
within this temperature range suggests that the atoms have 
a greater mobility between the Ac, and Ar, points. 


INTRODUCTION 


ROM both immediately practical and theoretical considerations 
a study of the phenomena associated with the transition at the A, 


point of iron is of great value. A method is here reported in which 
a Geiger-Muller counter was used to detect the change in the X-ray 
diffraction pattern as the iron changed from the body-centered phase 
to the face-centered phase and back again. The Ac, point has been 
found to occur at 910.5 + 0.6 degrees Cent. (1670 degrees Fahr.) 
in atmospheres of pure hydrogen. The Ar, point is somewhat lower. 
Experimental considerations indicate that the spread’ between these 
two points, even at very low rates of temperature change, is not due 
to superheating or supercooling. 

The original suggestion for this investigation came from the fact 
that the work of W. R. Ham (1)* and his collaborators on_ the 
diffusion of hydrogen through iron at the A, point’ has shown an 
effect which apparently is not explainable in terms of a macro-crystal 


___*The figures appearing in parentheses refer to the bibliography appended to this paper. 


. Abstract from a thesis by Alton P. Wangsgard submitted to the Graduate School of 


a Doctor of thier College in partial fulfillment of the requirements for the Degree 


A paper presented before the Twenty-third Annual Convention of the 
Society held in Philadelphia, October 20 to 24, 1941. The author, A. P. 
Wangsgard, is assistant professor of physics, University of Utah, Salt Lake 
City, Utah. Manuscript received March 24, 1941. 
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transition unless there be a temperature range of 2% degrees Cen, 
over which an equilibrium exists between the two phases. At th 
same time they found it impossible to reduce the spread between the 
Ac, and Ar, transitions to less than 6 degrees Cent. for very slo 
rates of cooling if the points were determined by coming from aboy 
50 degrees Cent. above or below the A, temperature. They calculate 
that a hydrogen atmosphere should lower the transition point aboy 
4 degrees Cent. and apparently find experimental evidence to suppor 
the calculation. 

Wells, Ackley and Mehl (2) have made accurate determination; 
of the Ac, and Ar, temperatures of pure iron, by dilatometric an 
thermal measurements. They concluded that the spread between they 
points would vanish at zero rate of cooling and heating. This con- 
clusion was based on an extrapolation from rates of 2 degrees Cent 
per minute, 4 degree Cent. per min. and % degree Cent. per mit. 
ute. However, the present author feels that an extrapolation, mace 
to level off with a spread of 2%4 degrees Cent., would fit their data 
equally well. Their final reported value for the A, point is 909.5 + 
1 degree Cent. (1669 degrees Fahr.) in vacuum. Wells states (page 
74, reference 2) that the value for Ac, point in a hydrogen atmosphere 
was 910 + 1 degree Cent. (1670 degrees Fahr.) or the same as above 
within experimental accuracy. This is contrary to Ham’s findings 
Roberts and Davey (3), and Smith (4) have also reported the 
temperature of the A, transition in a hydrogen atmosphere as de 
termined by X-ray photography. The former report between 907 and 
910 degrees Cent. + 3 degrees Cent., (1664 and 1670 degrees Fahr.), 
the latter between 907 and 908 degrees Cent. + 3 degrees Cent 
(1664 and 1666 degrees Fahr.). In both cases the method was to take 
a photograph at some temperature below A,’ and then raise the ten 
perature a step of 2 or 3 degrees, then take another photograph a 
this new temperature. When the recorded diffraction pattern changed 
from body-centered cubic to face-centered cubic the upper limit was 
determined and vise versa on lowering the temperature. Even if we 
disregard the difficulties of using a photographic film in hydrogen 1 
the presence of an incandescent solid, we are still\faced with an ur 
certainty as to the transition temperature which is inherent in the 
length of time required to fix a point on the constitution diagram by 





2An error was made in the calculation. The solubility of H» in iron was taken as © 
milligram per 100 grams of iron. The correct value is 0.39 milligram per 100 grams" 
iron. (See Siverts, Zeit. f. Phy. Chem., Vol. 77, 1911, p. 591. 
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the photographic method. If the A, point is not a reversible point, 
the upper limit should depend largely upon the highest temperature 
reached during the time necessary to expose the film. Similarly the 
lower limit should be decreased.* 

A Geiger-Muller counter, when used with a suitable amplifying 
circuit, is so very sensitive a measuring device for X-rays that changes 
in diffraction patterns can be detected with extreme rapidity. The 
G-M counter thus offers considerable advantage over a photographic 
film. As used in the present work it has proved to be entirely satis- 
factory. 


1—X-Ray Tube 
—X-Ray Shield 
3—Collimating Slits 
4—Filters 

cares 5—Furnace-Spectrometer 

WZ 6—Iron Sample 

8 


7—Adjustable Lead Slit 
8—Geiger-Muller Tube 
9—Telescope 
10—Aluminum-Mica Window 


Fig. 1—Schematic Arrangement of Apparatus. 


EXPERIMENTAL DETAILS 


lron—The iron tested in this investigation was that specified 
by Ham as “Mehl iron” since it was part of the same lot of highly 
decarburized very pure carbonyl iron used by Mehl and his associates. 
Prof. R. F. Mehl kindly supplied this laboratory with enough for the 
investigation. Many samples were used, all cut from the same piece. 
Each sample was a disk 4 inch in diameter and approximately 0.060 
inch thickness. Unless otherwise mentioned, the specimen was in an 
atmosphere of dry, oxygen-free hydrogen. 

Apparatus—Fig. 1 shows the schematic arrangement of the ap- 
paratus. The X-ray tube was a General Electric water-cooled tube 
with a molybdenum target. The tube voltage was 32,000 volts, 
(peak). The tube current was 24 milliamperes. The collimating slits 
were 0.040 inch wide and placed about 3 and 6 inches from the 
target. The filters will be described later. 


__ Fig. 2 is a drawing of the furnace as originally designed. The 
‘Both 


_ Roberts and Davey, and Smith estimate this possible variation to be + 3 degrees 
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Fig. 2—Drawing of Furnace Spectrometer. 





conical bearings, counter-weighted arm, and divided circle were pati 
of a Spencer Student Spectrometer. One vernier was attached to the 
head of the furnace and read the angle of the arm. Another was #- 
tached to the central post holding the specimen and read the ang 
of the specimen with reference to the arm. The window at the kell 
was as shown, a circle %4 inch in diameter covered with thin alum! 
num. The window at the right was a 100-degree slit extending {rom 
diametrically opposite the first window around the cylinder so 4s" 
allow the X-ray pattern to be either photographed or detected 
the G-M counter which was attached back of an adjustable lead si 
hanging from the spectrometer arm. This last window was double 
Inside was a layer of thin aluminum with a single 14 inch hole at t 
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extreme left of the window. The outside layer was a thin sheet of 
clear mica; thus a clear hole covered only by the mica was left through 
which the melting of a silver bead could be observed optically. The 
thermocouple which came down through the center of the specimen 
holder was fixed in various places to be mentioned later. The whole 
furnace was gas tight with inlet and outlet for any gas with which 
the sample was to be surrounded. The insulation was shaped out of 
insulating bricks. The temperature regulator was of the photo cell 
type which has been used by Ham. The furnace design was slightly 
modified in building ; one-half inch extra insulation was added on the 
bottom ; both the head and bottom plates were made 34-inch thick and 
attached to the cylinder by threads turned on them and on the inside 
of the cylinder; the metal heat equalizer inside the heater winding 
had an inside diameter of 4% inch; and about a quarter way through 
the experimental work the specimen holder was redesigned so as to 


Table I 


Positions of the X-Ray Diffraction Lines from Iron Arranged in Order of 
Magnitude of Twice the Bragg Angle 


_————-——Rody-Centered ———_——, -——F ace-Centered—___, 
Miller Indices 2°e Miller Indices 20 


111 19° 40’ 
100 , 22° 44° 


id 26° or 
100 28° 44’ me me 
a. seks 110 32° 44” 
aii 35° 24’ i. te 
se abs 311 38° 10” 
i nt 222 39° 56” 
220 41° 06’ a ig 
310 46° 14’ evs cain 
< ‘as 200 46° 28’ 
hold the specimen at the bottom only. The G-M tube was especially 
designed and constructed by the author for this particular investiga- 
tion. (See Appendix 1.) The G-M counter circuit, very similar to 
that described by Evans and Alder (5) is a counting rate meter. 
Instead of building a new high voltage source as described by Evans, 
one already available of the Street-Johnson (6) type was used. 
Experimental Method—The values of 2 © given in Table I 
were calculated using the Bragg relation AX — 2d sin ©. The wave 
length A is 0.710 Angstroms. This is the characteristic molybdenum 
radiation which hereafter will be designated as Mo-Ka. The values of 
“a” used are the interplanar distances for the various planes of the 
body-centered cubic phase (unit edge — 2.89 Angstroms) and of the 
face-centered cubic phase (unit edge = 3.60 Angstroms). 
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Assume the apparatus to be arranged as shown in Fig, |, ay) 
assume the sample of iron to contain the body-centered phase. The, 
the Mo-Ka line will appear at one of the angles (2©) given for th. 
body-centered lines in Table I, provided that the sample is correct) 
oriented. Conversely, if the Geiger counter were at one of thoy 
angles and if it were possible to so orient the sample that the pre. 
ence of a line was shown by the G-M tube then the sample of iro, 
would contain the body-centered phase. The same sort of argumen 
would apply for the face-centered phase. To make the argumen 
rigorous, we must show that the wave length thus diffracted was the 
Mo-Ka wave length. To accomplish this a ZrO, filter as furnished 
with General Electric X-ray equipment was balanced against a filter 
constructed of blotting paper which had been soaked in a concep. 
trated aqueous solution of Sr( NO,), and then allowed to dry. Ay 
intensity curve very similar to that of Pierce (7) was obtained. The 
balance was perfect within experimental error on the short wave 
length side and within 3 per cent on the long wave length side. 
Normally the ZrO, filter was in the beam at all times. However, 
when the question arose as to whether the line was Mo-Ka radiation, 
it was replaced by the Sr( NO,), filter. If the counting rate immed 
ately decreased to less than 1/10 of its previous value then the 
radiation was of the Mo-Ka wave length, for the strontium filter ab- 
sorbs strongly at this wave length, whereas the zirconium filter doe 
not. On the other hand for any other wave length they are balanced 
and absorbed equally; hence the counting rate was the saine for 
either filter. Such differentiation was necessary only when a line 
was weak. A strong line could only be due to the Mo-Ka wave lengtli 
Occasionally a very large crystal would form in one phase (say B.C.) 
and it was possible then to diffract some of the white radiation at any 
angle (say angle for {110} F.C.). Hence, if the Sr(NO,), filter 
were not available as a safeguard, one might mistakenly report the 
presence of a line from both phases when in reality both were no 
there. 

In the present investigation, rather than attempt to hold the tem 
perature static, the temperature was taken up to about 905 degrees 
Cent. (1660 degrees Fahr.), the G-M counter placed at the angle 
for one of the B.C. lines and the specimen turned until the countt! 
began to register. If such a position was found for arly one of the 
lines, slow motion adjustments were made for maximum intensity 
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and the arm and specimen were then clamped. The temperature was 
slowly raised until the reading of the meter (or the ceasing to click 
of a speaker) indicated the line had disappeared. Obviously the Ac, 
point can be determined within the degree of reproducibility of the 
phenomena and the accuracy of temperature measurement. Similarly 
by lowering the temperature, the Ar, point can be determined. 

"Tt was feared at first that the {1 1 1} F.C. and {110} B.C. lines 
would be indistinguishable, being so close together, especially since 
for most of the work it was necessary to use a slit 1 degree wide in 
order that the lines might be found without too much trouble. This 
fear, on the whole, proved to be unfounded for the following reason: 
When a sample was first placed in the holder at room temperature, 
§ the size of the crystal grains was such as to give perhaps 80 grains 
per millimeter, but after three or four transits through the A, region 
the crystals had grown so large as to be 3 or 4 millimeters across; so 
that finally the Ac, or Ar, points of single crystals in the iron were 
being determined. This was proved to be the case by two means: 
First, the criticalness of the orientation of the specimen and the 
great intensity of the lines comparable to the intensity from an NaCl 
crystal; second, whenever leaks developed and the specimens became 
slightly oxidized in the furnace, or when specimens were oxidized 
after a run on a hot plate in the air, there occurred a differential 
rate of oxidation depending on the orientation of the crystal planes. 
This resulted in the various crystals having color hues between light 
yellow and dark blue, showing clearly their size (8). Consequently 
at a temperature which was low enough to be sure of being in the 
B.C. phase the wide slit could be placed at the angle for the {1 10} 
B.C, line and the specimen rotated so that some crystal was properly 
oriented for the {110} B.C. planes to diffract at this angle. In 
general after the transition, no F.C. crystal would have its {111} 
planes so oriented as to diffract with the original position of the speci- 
men. Only once in the course of 50 or more determinations did this 
somewhat improbable event occur and in that case the Ac, point was 
marked by a 50 per cent decrease in the intensity of the line. The 
(100} F.C, {100} B.C., {110} F.C, {211} B.C, and {3 11} 
F.C. lines however are spaced sufficiently far apart to leave no doubt 
as to their identity. 


This method of observing phase changes when the crystals have 
grown large has one disadvantage ; the specimen may be turned about 
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only one axis. One is therefore dependent on pure chance for plang 
to be so oriented that the X-ray beam will be diffracted in the play. 
of the beam and the slit window. When one considers, howey 
that there are four families of (111) planes, in the {111} form 
12 of (311) etc., then the chance of finding one of the five lines ; 
considerably increased. In fact during the course of this work j 
over 75 per cent of the trials, lines of sufficient intensity to mak 
observations were found. 

In some cases when a line had disappeared in going from om 
phase to the other and a line could not be found in this second pha 
then the return A, point could be found by waiting for the return oj 
the line in virtually the same position from which it had originally 
disappeared.* | 

If no line could be found in either phase then the iron was passe 
through the transition several times rather quickly and a new search 
made for lines. This was repeated until a line was found. 

Thermometry—Considerable difficulty was experienced becaus 
of thermocouple drift, possibly because of the hydrogen atmosphere 
Out of a total of eight chromel-alumel thermocouples used at di. 
ferent times, only three gave reproducible potentiometer readings {or 
the Ac, point over a period of days, and even in the case of thes 
three there was a gradual drop in reading such that at the end of the 
second day the apparent temperature had dropped by about 4 degrees 
Cent. In order to determine the absolute temperature of the Ac, 
point with some degree of precision and to compensate for thermo 
couple drift, if it occurred during the calibrating period, the follov- 
ing procedure was adopted in the case of two thermocouples, one 0! 
which was one of the three “steady” couples: When the sample wa 
turned in the lathe a small pin was left at the center of the back, 1 
which a small bead of “Bureau of Standards silver” was fixed. The 
bead could be observed through the mica window previously met 
tioned. The potentiometer reading for an Ac, point was taken, th 
reference couple being at 0 degree Cent. The temperature of tlt 
furnace was then raised slowly and a second potentiometer readiti 
was taken as the silver melted. The temperature of the furnace w# 
then allowed to drop below the Ar, point. It was then raised and th 
reading of another Ac, point was taken. Thus the thermocouple w 
calibrated exactly in place and exactly as used. Fortunately in tht 


‘Usually when a crystal comes back in this manner the crystal would have chavs 
orientation but little, say 4% degree or so. 
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two absolute determinations made, the potentiometer reading for the 
Ac, point was the same before and after the calibration, so there was 
no need to correct for the thermocouple drift. From Bureau of Stand- 
ards data the silver bead was known to melt at 960.5 + 0.1 degree 
Cent. (1760 degrees Fahr.). The reading of the potentiometer at 
this point was converted to temperature using standard tables for 
chromel-alumel couples. A correction at 960.5 degrees Cent. (1760 
degrees Fahr.) was thus determined and this correction, in per- 
centage, was applied to the reading at the Ac, point. The correction 
for the most stable thermocouple was 4.6 degrees Cent. giving as a 
final result 910.6 degrees Cent. (1670 degrees Fahr.) for the Ac, 
point. This couple was spot-welded to the sample. The other couple 
calibrated was not spotted to the sample but was in the atmosphere 
2 or 3 millimeters above the sample. The correction in this case was 
11.4 degrees Cent. (54 degrees Fahr.) giving Ac, at 910.5 degrees 
Cent. (1670 degrees Fahr.), in both cases in a hydrogen atmosphere. 
The estimated error of this result is the sum of (a) the + of 0.1 


Table Il 
Spread Between the Ac; and Ar; Points 


' as oe -———Investigation by Wells, 
This Investigation* Ackley and Mehl 


— ef 
(X-ray Diffraction with G-M Counter) (Dilatometric Method) 
Rate of Rate of 
No. of Coolin Average No. of Cooling Average 
Determi- Degrees Cent. Spread Determi- Degrees Cent. Spread 
nations er Min. Degrees Cent. nations Per Min. Degrees Cent. 
ts to py 3.1 6 \% 2.6 
% to % i ik ay enh 
Y . ¥ aa an 
% ’ 4 % 3.5 
1 5 2 4.5 
ae specimen was heated a few (one to six) degrees above Acs and then cooled 
0 Af. 


degree Cent. for the melting point of the silver; (b) an estimated 
error of + 0.1 degree Cent. in observing the melting point; and (c) 
+ 0.2 degree Cent. estimated error in observing the Ac, points; 
finally (d) an estimated error of + 0.2 degree Cent. since the curve 
for chromel-alumel is known to be not quite linear and the correction 


was considered linear over a range of 50 degrees Cent. (120 degrees 


Fahr.). Hence the over all error is probably quite safely within 
+ 0.6 degree Cent. 


RESULTS AND DIscussION 


Not only do these two absolute values for the Ac, point agree 
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remarkably well with each other, but they agree with the readings 
of fresh thermocouples, spot-welded to the sample, when used for 
the first time on runs from room temperature to the Ac, point. It 
would seem, therefore, reasonable to assume that for pure iron in 
hydrogen the Ac, point is definite and fixed at 910.5 + 0.6 degrees 
Cent. (1670 degrees Fahr.). This value is consistent with the results 
of Wells, Ackley and Mehl (2) who found, by -dilatometric methods, 
a value of 909.5 + 1.0 degrees Cent. (1670 degrees Fahr.), which 
remained constant for rates of heating less than 2 degrees Cent. per 
minute. Our value is also consistent with the results of Roberts and 
Davey*® (910 + 3 degrees Cent.), Smith * (908 + 3 degrees Cent.), 
and others. 

Having found a reliable, constant value of the Ac, point for pure 
iron in hydrogen, there remained the Ar, point. Because of the slow 
drift of our thermocouples, the Ar, point was found by measuring 
the spread between the Ac, and Ar, points. 

It is well known that the spread between the Ac, and Ar, points 
is a function of the rate of cooling. This is brought out in Table II. 
The left-hand half of this table shows the author’s data, obtained by 
measuring X-ray diffracted beams with a Geiger-Muller counter; 
the right-hand half shows data obtained by Wells, Ackley, and 
Mehl (2) by their dilatometer method. In the case of the present 
author’s data, every specimen was heated slowly to a temperature 
just a few degrees (one to six) above the Ac, point and then cooled 
slowly at a measured rate until the Ar, point was found. 

The agreement between the two sets of data in Table II is sur- 
prisingly good considering the differences in the methods. In good 
agreement, too, is the author’s observation that when the specimen 
was cooled at the high rate of 8 degrees Cent. per minute, seven 
determinations of the Ac, and Ar, points by a thermal arrest method 
gave an average of 5 degrees Cent. spread between them. 

The agreement shown in Table II is all the more gratifying 
when we remember the sharpness of the transition points as de- 
termined by X-ray methods. If X-ray data are plotted against tem- 
perature the transition is usually all completed under our experimental 
conditions within a range of %4 degree Cent. and often within 4 
degree Cent. Still closer approach to ideal conditions might easily 
make the transition still sharper. This extreme sharpness is to be com- 
pared with a range of 1 to 3 degrees Cent. for the dilatometric and 
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diffusion methods. (For instance, see page 59 of reference 2.) The 
higher average spread between the Ac, and Ar, points as determined 
by the X-ray method may be due to the fact that this method is not 
sensitive to the onset of the transition because of the statistical varia- 
tions of the counting rate of the G-M tube. This would cause the Ac, 
points to be recorded as slightly higher and Ar, points slightly lower, 
thus increasing the spread. On the other hand it is possible that this 
larger spread is due to the presence of the hydrogen atmosphere. 
It will take considerably more data than we have to definitely settle 
this. 

Further discussion of our data can be facilitated by reference 
to Fig. 3 which presents graphically the observations taken during 
one run. This particular run was not chosen as a typical one but 
rather as an unusual one, in that most of the types of behavior which 
were found in the course of the investigation appear in it. The shaded 
areas are to be taken to denote the presence of the line and conse- 
quently the phase as marked therein. The ordinates are percentages 
of the highest reading of the meter which in this case was ap- 
proximately 2000 counts per minute. Where two phases were pres- 
ent simultaneously readings were taken for five minutes or so on one 
line, then on the other and so on. 

Three significant points should be mentioned in connection with 
Fig. 3. 

(a) There is a general downward drift of the indicated tempera- 
ture at which the transitions occur, probably due to the chromel- 
alumel couple being in a reducing atmosphere. 

(b) Points Ar?(5) and Ar?(8) are of particular interest. At 
these points the intensity of the F.C. line suddenly decreased about 
30 per cent. On rotating the specimen a slight amount, a degree or 
less, the line was found again in both cases with somewhat more than 
the original intensity, but, of course, due to a newly formed crystal® 
differently oriented. At the same time in both cases a weak B.C. line 
was found which grew more intense as the temperature was lowered 
somewhat. Also, each time the temperature was below the last de- 
termined Ac, point. 

(c) The two phases are shown to be coexistent over a tempera- 
ture range of from 2%4 to 3% degrees Cent., once for a period of 
2¥% hours, and again for a period of 134 hours. This range is from 


— 


Or, the first crystal had suddenly bodily changed its orientation and grown larger at 
the same time. 
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5 to 7 times the temperature gradient across the portion of the speci- 
men under observation, since the gradient was less than 1 degree 
Cent. over the entire sample and certainly less than % degree Cent. 
over the space on which the X-rays impinged. The magnitude of the 
temperature gradient was established by drilling small holes in the 
sample and observing the difference in potentiometer readings as 


a 
8 
; 
ie 
‘ 
° 


00% 


Fig. 3—Graphical Presentation of a Run. Temperature Uncorrected. 
é 
beads of silver placed in these holes melted. On two other occasions, 
for which graphs are not shown in this paper, the two phases were 
found to be coexistent. 

Besides the three points, (a), (b), (c), already mentioned above, 
two others, not illustrated in Fig. 3, should be noted: 

(d) Sometimes, a strong B.C. line could be made, by raising 
the temperature just to the Ac, point, to decrease to about 10 per cent 
of its original intensity. If then the temperature change were re 
versed the line remained at the same intensity (10 per cent) until 
the temperature was 2 to 4 degrees Cent. below the Ac, point before 
it began to increase in intensity. 

(e) Quite often a line would suddenly increase its intensity 
by as much as 50 per cent just before a transition occurred. 

(b), (c), and (d) may be interpreted as ruling out the possibility 
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that all of the spread between the Ac, and Ar, points is due to super- 
cooling at the Ar, point. For (b) points out that with all of the iron 
in the high temperature phase some of the low temperature phase had 
begun to form (Ar? 5, Ar? 8). Since these temperatures are below 
the Ac, point the transition should have gone to completion with the 
appearance of some of the low temperature phase, if the iron had been 
supercooled. (c) indicates that the two phases may coexist over a 
temperature range considerably greater than the temperature gradient 
over the specimen; hence it would seem that there was plenty of 
opportunity for the transition to go either way if there were either 
super heating or super cooling. (d) is clearly a case where a crystal 
had changed from B.C. to almost all F.C., then remained almost all 
F.C., until the temperature was low enough for the B.C. crystal to 
regrow. The regrown crystal retained its original orientation because 
of the part which had never changed to F.C. (e) in conjunction with 
the others indicates that just at the Ac, or Ar, points the atoms be-— 
come quite mobile and crystals can disintegrate and reform rapidly at 
these points, while between them is a region of slow transition. 

It seems necessary to insist here that from any available data 
the conclusion is not justified that the spread between the Ac, and Ar, 
points would decrease to zero for infinitely slow rates of cooling and 
heating for absolutely pure iron. It is felt that in arriving at such 
a conclusion without more data something of great importance may 
be overlooked. Indeed, Bridgeman (9) has found that there are 
substances which can be obtained in much purer state than iron and 
which exhibit to a much greater extent, a region in which a transition 
from one solid state to another has zero velocity. If this is the case 
for other substances, then possibly it may also be true for iron. 


SUMMARY 


A new technique of observing crystal phase changes has been 
developed and applied with success to the A, phase change of iron. 

The Ac, point of iron has been found to be 910.5 + 0.6 degree 
Cent. (1670 degrees Fahr.) in pure dry hydrogen and evidence has 
been cited to show that the Ar, point is very probably between 2 and 
2% degrees Cent. below the Ac, even for very slow rates of 


cooling. These data are in agreement with those of Wells, Ackley 
and Mehl (2). 


It is found that the body-centered and face-centered crystals 
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may coexist over a temperature range of approximately 21% degrees 
Cent., with some sort of equilibrium between them. This is in ac. 
cord with the hydrogen diffusion data of Ham (1) and his go. 
workers. 

It is found that crystals will occasionally disintegrate and reform 
rapidly in these temperature regions and it is suggested that the atoms 
have a greater mobility near the Ac, and Ar, points. 

The apparent depression of 4 degrees Cent. (due to different 
solubility of hydrogen in the two phases) as set forth by Ham (1), 
has not been found. 

The data obtained so far represent but a preliminary survey of 
the possibilities of the method and of the high-temperature spec- 
trameter. Many other problems can be attacked by it. 

The original problem was suggested by Dr. W. R. Ham. His 
advice and helpful suggestions are greatly appreciated. The in- 
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Fig. 4—Design of Geiger-Muller Counting Tube. 


vestigation proceeded under the direction of Dr. Wheeler P. Davey. 
To him are due many thanks for aid in the design of the instrument, 
for providing the equipment necessary to pursue the investigation, 
and for aid in preparing the manuscript. 
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APPENDIX I—GEIGER-MULLER TUBES 


Fig. 4 is a drawing of the G-M tube which was constructed by 
the author and used throughout the investigation. 
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The copper anode was cleaned in concentrated nitric acid and 
sealed into the pyrex tubing, taking care not to introduce any cop. 
taminating substances. Contrary to the usual procedure the tube was 
not washed with distilled water after fabrication. 





y wv 3 
x 


a 


Fig. 7—Schematic Diagram of the Counting Rate Circuit. 


After sealing on the evacuating system and evacuating for sev- 
eral hours, during part of which time the counter was heated as hot 
as one dared with the gas oxygen flame, the tube was filled with 7- 
centimeter dry air and sealed off. 

This tube has the peculiar property of ceasing to operate if 
heated much above 46 degrees Cent. It will begin to operate again 
when cooled. A tube made at the Bartol Research Laboratories of the 
same design filled with an Argon-Oxygen mixture quit at 50 degrees 
Cent. and apparently never regained its power to operate. 

Fig. 5 is a graph of the voltage sensitivity of the author’s tube 
using the 110 B.C. line of iron as an ionizing particle source. The 
voltage shown is not the voltage on the tube, but the voltage across 
the G-M tube and the 57 coupling tube. The extent of the plateau is 
75 volts. 

Fig. 6 is the same sort of graph for the tube constructed by 
Bartol Research Laboratories. 
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Fig. 9—Intensity Pass Band of Two Dif- 
ferent Filters. 


ApPpENpDIx I]—CountTING RATE CIRCUIT 


Fig. 7 is a schematic diagram of the Counting Rate Circuit. 
As can be seen it is essentially that given by Evans and Alder (5). 
The only reason for modification is that there were already available 
transformers of the 2.5- and 5-volt type. Hence, in order to make 
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use of these and at the same time employ two or three of the recent 
6.3-volt vacuum tubes some rather messy changes were necessary. 
The circuit will distinguish between impulses 1/500 seconds apart, 
and deliver current to the micrometer proportional to that rate of 
counting. The auxiliary circuit operating a Cenco mechanical re- 
corder will perform without appreciable losses up to 600 random 
counts per minute. It will operate perfectly on 1800 counts per 
minute if they are evenly spaced. 

There are six controls on the panel. From left to right they are: 
P,, P., P;, SW,, P,; and SW, P,, respectively, as indicated in the 
schematic diagram. 

Scale No. 1, 0-200 microamperes has been calibrated and is 
0-800 counts per minute. The other three scales have not been cali- 
brated. 


AppeNpIx IJI—Tue BALANCED FILTERS 


A filter of ZrO, as furnished by the General Electric Company 
was balanced against a filter made of blotting paper which had been 
impregnated with a solution of Sr( NO, ), and allowed to dry. 

It was found that in order to get consistent results a device had 
to be made to interchange the filters and always place them in iden- 
tically the same positions, because the Sr( NO,), filters were not per- 
fectly homogeneous and the area exposed to the x-radiation was 
very small. 

Fig. 8 shows the balance obtained between the two filters. The 
shaded area is the band passed by the ZrO, filter but not by the 
st(NO,), filter. The balance is perfect within experimental error 
on the short wave length side and the curves are coming together at 
the long wave length side. 

Fig. 9 is the intensity pass band plotted against the angle of the 
NaCl crystal. This is effectively monochromatic Mo-K radiation. 

Fig. 10 is the intensity of the pass band as diffracted from some 
random 110 B.C. planes of iron which had a grain size of 80 per 
square millimeter. 

The diffracted band retains but slightly attenuated the characteris- 
tics of the original pass band. 


APPENDIX 1V—TueE TEMPERATURE ContTROL CrRcuITsS 


Only two points are worth mentioning (see Fig. 11). 
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(1) The resistance which was shunted by the relay was set t 
decrease the furnace current about 25 per cent. 

(2) The small condenser in parallel with the photo cell acts as 
a time delay to allow the galvanometer light beam time to move 
somewhat over the edge of the photo cell opening before tripping the 
vacuum tube. This permits the tube current to come to a maximum 
rather slowly (0.002 x 500 = 1 second). The response is then 
definite and the relay will not chatter. The capacitance, however. 
must not be too large, for then the galvanometer beam will pass 
completely over the opening and not operate the relay. The value 
will depend on the arrangement of the circuit, the capacitance, the 
leads-and the grid resistance in the tube circuit. 


DISCUSSION 


Written Discussion: By Herbert Friedman, metallurgy division, Naval 
Research Laboratory, Anacostia, D. C. 

Dr. Wangsgard’s paper is good evidence of the advantage in speed and 
sensitivity to be gained by substitution of a counter for film in diffraction work. 
The purpose of this comment is to point out how the sensitivity of his method 
may be considerably improved by replacement of his type of counter with 
the kind described below. During the course of a long term program of 
research on X-ray emission and absorption spectra at the Johns Hopkins 
University, a few years ago, the usual ionization chamber, employed in con- 
junction with a double crystal spectrometer, was replaced by such Geiger- 
Muller counters developed especially for operation in the range of wavelengths 
from 0.7 to 2.0 angstrom units. The results were very gratifying, the superior 
sensitivity of the counters permitting the successful study of phenomena 
that were extremely difficult to investigate with the ionization chamber method. 

By proper design and choice of gas filling, it is possible to obtain counters 
with almost 100 per cent efficiency for any wavelength in the range commonly 
employed in diffraction work. We have made a rough experimental check to 
determine the sensitivity of a counter such as Dr. Wangsgard has used 
and find that its quantum efficiency is of the order of 10 per cent. Accordingly 
the substitution of a more sensitive counter for his could have increased his 
speed of measurement by a factor of 10, for the same precision. Or, if the 
speed of measurement were unchanged, the precision of the results could have 
been improved by a factor of 3. In Professor Wangsgard’s counter, the dis- 
charges are triggered mainly by photoelectrons released from the cathode wall 
by the impinging X-ray photons. The gaseous absorption is considered neg- 
ligible. The operating principle of the counters I shall describe differs from 
that of Dr. Wangsgard’s in that the X-ray beam is almost entirely absorbed 
in the gaseous volume of the counter. The counters are built with a 
bubble window close to the mouth of the cathode cylinder and the wire ' 


6J. A. Bearden, and H. Friedman, Physical Review, Vol. 58, 1941, p. 387. 
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supported entirely at the back end of the glass envelope. The beam enters the 
counter through the thin window and its path through the tube is confined 
almost exclusively to the gaseous volume. The table below, calculated from 
the gaseous absorption coefficients, gives the percentage of the beam absorbed 
in a counter 10 centimeters long. 


Per Cent Absorption in 10 cm. Path Length at 
Various Wavelengths (Angstrom Units) 
Gas oe 63 ‘ B18... 1... tH 154353 73.3 
36 48 69 80 87 99 100 


Argon 1 atmos. we ae 
Krypton 1 atmos. 73 95 
Krypton 0.5 atmos. 47.9 70 

High absorption in the range from .88 A to 1.4 A may be obtained by the 
use of Xenon. The absorption coefficient may be considered practically all 
photoelectric and it is safe to assume that almost every photoelectron will 
trigger the counter. 

The counters are of the alcohol vapor type and have a resolving time of 
about 10°* seconds. They have been used with integrating circuits to record 
up to 1000 counts per second. Their operating potentials lie in the range from 
1400 to 3500 volts, the higher voltages being required for the krypton counters. 

The life of such counters has been very satisfactory in most cases. Some 
have been in operation continuously for longer than a year with only slight 
departures from the original characteristics. 

Written Discussion: By Samuel J. Rosenberg, metallurgist, U. S. De- 
partment of Commerce, National Bureau of Standards, Washington, D. C. 

The evidence presented by the author that both alpha and gamma iron 
may co-exist in equilibrium with each other over an appreciable range of 
temperature is extremely interesting. Although the presence of two phases in 
absolutely pure iron over a temperature range is contrary to the phase rule, 
such iron has never been developed. It is conceivable, however, that even 
minute amounts of impurities could cause this phenomenon and it is possible 
that this may afford an explanation for certain peculiarities observed in the 
determination, recently made at the National Bureau of Standards, of the Acs 
and Ars points in high purity iron by means of thermal analysis. 

The expectation, when taking a heating curve on high purity iron, is to 
observe a constant increase in temperature up to the initiation of the Acs 
transformation. At this point there should occur an absorption of heat by the 
specimen, and even though the specimen is gradually moving into a higher 
temperature zone, the temperature of the specimen should either (a) increase 
at a slower rate than before the start of the transformation, (b) remain con- 
stant, or (c) actually decrease, depending upon the size of the specimen and 
the rate of heating. After the completion of the alpha to gamma transforma- 
tion, the temperature of the specimen should increase at a somewhat higher 
rate than before the transformation started until the temperature of the speci- 
men is in equilibrium with that of the furnace. When taking a cooling curve, 
this phenomenon should occur in reverse. 

A heating and cooling curve of high purity iron (total identifiable im- 
purities less than 0.008 per cent) is shown in Fig. A of this discussion. Both 
these curves show the expected phenomena as described above. From the | 
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derived inverse rate curves, it was determined that the Acs transformatioy 
began at 909 degrees Cent. (1668 degrees Fahr.) and was completed at 9}| 
degrees Cent. (1672 degrees Fahr.); and Ar; transformation began at 9017 
degrees Cent. (1655 degrees Fahr.) and was completed at 901 degrees Cent 
(1654 degrees Fahr.). As a matter of record the mean of a total of 11 heating 
and cooling curves on samples of 3 different irons, with heating and cooling 
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rates varying from 0.5 to 1.2 degrees Cent. per minute, gave a value of 910 
degrees Cent. (1670 degrees Fahr.) for the Acs and 900 degrees Cent. (1652 
degrees Fahr.) for the Ars. Variations in the rate of heating or cooling 
between those mentioned above did not appear to have any definite effect on 
the temperature spread between Acs and Ars. It is noted that although the 
temperature of the Acs transformation checks the value reported by Dr. 
Wangsgard, the temperature of the Ars transformation is several degrees lower. 

Several of the heating and cooling curves, however, showed certain 
peculiarities as previously mentioned. An example is shown in Fig. B ©! 
this discussion. The iron used in this case had a total identifiable impurity 
content of less than 0.011; per cent. It will be noted that both these curve 
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show distinct variations in the rate of temperature change during the trans- 
formation. The writer would welcome Dr. Wangsgard’s opinion as to the 
probable cause of these discontinuities. Is it possible that the coexistence of 
both phases, with an accompanying reversible transformation, is the cause of 
these discontinuities ? 
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Fig. B 


Although Dr. Wangsgard gives the location of the Acs transformation 
910.5 degrees Cent. (1671 degrees Fahr.) and the Ars at about 908 degrees 
Cent. (1666 degrees Fahr.), an examination of the author’s Fig. 3 indicates 
that the temperatures of these transformations are considerably lower, the 
Acs occurring as high as 908 degrees Cent. (1666 degrees Fahr.) (point 2) and 
as low as 903 degrees Cent. (1657 degrees Fahr.) (points 9 and 11). The 
Ats apparently occurs as low as 899 degrees Cent. (1650 degrees Fahr.) 
(points 10 and 12) and as high as 903 degrees Cent. (1657 degrees Fahr.) 
(point 1). It is noted that the temperature for this run is uncorrected and 
it is assumed that the application of the temperature correction would raise 
these temperatures. The actual spread between the average values, however, 
appears to be greater than the value of 2.5 degrees Cent. cited by Dr. Wangsgard. 
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Oral Discussion 


J. B. Austin :’ Will Dr. Davey please state his evidence for the extreme 
purity of the iron used by Dr. Wangsgard? 

W. P. Davey*® (This paper was presented by Dr. Davey): The iron was 
supplied to me by Dr. R. F. Mehl of the Carnegie Institute of Technology. 
It had been made from iron carbonyl and its extreme purity (about 99.992 per 
cent, as shown by the spectroscope) is well accepted. The chief impurities 
seem to consist of traces of carbon and oxygen. Both of these should decrease 
progressively when the iron is heated in a current of pure dry hydrogen, 
Specimens from this same lot of iron were used by Professor W. R. Ham 
in his work on the diffusion of hydrogen in metals. - He found that small 
amounts of impurities made a relatively large change in his diffusion rates 
near the As point, so that he had a very delicate index of the purity of his 
specimens. The “Mehl iron” as received gave approximately the diffusion 
data to be expected of pure iron. Successive heatings to 900 degrees Cent. 
(1650 degrees Fahr.) in pure dry hydrogen resulted in a closer and closer 
approximation to the diffusion data to be expected of pure iron. It is there- 
fore to be expected that our specimens, obtained from the same source and 
heated over the same temperature range in pure dry hydrogen, should be of 
the same purity. Obviously this purification process left us with a “pure” iron 
saturated with hydrogen. In subsequent experiments, we expect to wash out this 
hydrogen with some gas (like pure dry argon or molecular nitrogen), to 
which pure iron is impervious. 

Our term “pure dry hydrogen” is to be taken quite literally. It implies 
a gas-tight spectrometer-furnace. Since the diffusion of atmospheric oxygen 
back through a small leak is as rapid as if the furnace had been connected to 
a vacuum pump, even tiny leaks must be avoided. Even with these precautions 
there must be a fairly rapid flow of hydrogen through the furnace so that any 
water vapor, caused by the reduction traces of oxides, is swept out without 
giving any chance for an Fe, O, H equilibrium. 

We admit that we have traces of impurities. We had hydrogen present, 
and it is well known that hydrogen is quite soluble in iron. 

The variation in spread is taken care of partly on the basis of impurities, 
but in any one sample the variation in spread is caused by the rate in which 
the cooling is done. It is hardly fair to refer to the uncorrected temperatures 
of Fig. 3 when the corrected values have been stated in the body of the 
paper. We tried to point out that the spread is definitely dependent upon the 
cooling rate, but it is not possible to extrapolate for an infinitely slow rate 
of cooling. 

I am very glad to hear of the success of the Krypton Geiger counter. 
We have been working on and off now for five or six years on Geiger counters, 
trying to find out what we can do to make them more sensitive and still retain 
their usefulness for X-ray work. I tried to get a graduate student to work 
on dry bromine which ought to make it possible to have a monatomic layer ©! 


TResearch laboratory, United States Steel Corp., Kearny, N. J. 


8Research professor of physics and chemistry, The Pennsylvania State College, State 
College, Pa. 
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bromine on the electrode material. This ought to increase the efficiency of 
the counter, but I have not yet had any luck in getting students to choose a 
problem of that kind. 


Author’s Reply 


In going over the discussion of the paper we find there are a few points 
which will stand further clarification. 

With regard to Dr. Rosenberg’s remarks on the spread between the Acs 
and Ars temperatures, etc., we present the following: 

(a) There is a downward drift of 3 degrees in the thermocouple-indicated- 
temperature (uncorrected) during the course of the run. This makes the spread 
appear that much larger. We have, however, clearly pointed out the spread 
between successive points, e.g., 7 degrees at Ars, etc. 

(b) Table II shows an averaged spread between Acs and Ars for various 
rates of cooling. We do not claim that the spread is 2%4 degrees except for 
very slow rates of cooling. 

(c) We might further report that we several times obtained spreads as 
high as 10 and 17 degrees but found them due to small leaks in the furnace 
system wherein the iron was very slightly oxidized. We repeat also that we 
used the thermal method of locating the points and found an average spread of 
5 degrees for a rate of cooling of 8 degrees per minute. Since our data agree 
so well with those of Dr. Mehl one seems driven to the conclusion that the 
iron tested by Dr. Rosenberg was somehow “different”. 

(d) The abnormal behavior of some of Dr. Rosenberg’s heating and 
cooling curves just at the transition temperature might possibly be due to the 
same phenomena for which we found some evidence. A relatively large 
crystal in the sample undergoes the transformation before (or after) the 
smaller aggregates. 
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THE KINETICS OF GRAPHITIZATION IN WHITE 
CAST IRON 


By H. A. ScHWARTZz 


Abstract 


Some 15 years ago the author, on empiric grounds, 
described the curve correlating graphite content with time 
as being determined by the migratory rate of carbon (in 
some form) in tron. This interpretation was of considera- 
ble utility in the study of graphitization. 

The present paper is a restudy of the problem to 
determine the significance of dissociation rate, solution 
rate, and linear crystallization velocity on the velocity of 
the process as a whole. 

It is shown, by purely mathematical reasoning, that 
near the origin the graphite-time curve is determined by 
the crystallization velocity of graphite or the rate of solu- 
tion of cementite. When graphitization is nearly complete 
it is determined by dissociation. Intermediately the mi- 
gration rate or the solution rate may become effective. 

Under the usually existing conditions the crystal- 
lization velocity, or solution rate, is effective for an al- 
most insignificant time and is succeeded by a state condi- 
tioned by migratory rate. The present, more rigid, treat- 
ment thus confirms the earlier empirical results for the 
early stages of graphitization. Such corrections as might 
be required are a small shift along the time axis near the 
beginning of the migratory curve. Completion of the 
process is, however, by the dissociation reaction whose 
time ordinate is increased considerably. 

The equations for the several reactions are calculated 
in terms of fundamental properties and the shifts along 
the time axis are also recorded in terms of such con- 
stants. The effect of temperature on these constants 1s 
also discussed. 

A cursory historic outline of the progress of knowl- 
edge in this field during the past 115 years precedes the 
technical discussion. 








A paper presented before the Twenty-third Annual Conyention of the Soci- 
ety held in Philadelphia, October 20 to 24, 1941. The author, H. A. Schwartz, 


is manager of research, National Malleable and Steel Castings Co., 
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HISTORICAL 


HE graphitizing reaction has been the subject of investigation 

ever since blackheart malleable iron became an article of com- 
merce. Its inventor, Seth Boyden, left behind records beginning in 
1826 which while of no present scientific value, indicate his concern 
over the effect of annealing temperature upon the completion of that 
process. Truly scientific attention was paid to the process as soon 
as the double iron-carbon diagram came into recognition and Henry 
Howe summed up, as early as 1908, the then existing knowledge of 
graphitization in a paper for the American Institute of Mining and 
Metallurgical Engineers. In this paper he referred in detail to Ger- 
man work by Heyn and Bauer. In this summary Howe showed his 
usual masterly grasp of the philosophy of any metallurgical problem 
which engaged his attention. It became an easy step in the investiga- 
tion of graphitization to consider the progress of graphite forma- 
tion with time. A great many individuals contributed in this field and 
the present writer gave some examples of time-graphite curves in 
1922. 

Early attention to this reaction concerned itself mainly with the 
determination of the curves and not at all with their interpretation. 
So far as this writer is aware, all of the time-graphite; curves for the 
reaction at constant temperature have been of “sigmoid” form. The 
reaction starts slowly, its velocity increases with time for an interval 
and then when graphitization is about half complete the velocity 
decreases with time until finally the conversion of cementite into 
graphite ceases to take place and the reaction has come to equilib- 
rium. Obviously this equilibrium will be when the combined carbon 
has reached the concentration corresponding on the Ag, line to the ex- 
isting constant temperature. 

The most recent confirmation of the “sigmoid” form of the 
time-graphite curve was offered by Ziegler and associates this year 
in a paper before the American Foundrymen’s Association. Some 
observers, Schiiz and Stotz for example, noted that the time- 
graphite line sometimes apparently did not rise above zero graphite 
for measurable time intervals. They associate this phenomenon with 
chemical composition and temperature without making any effort at a 
theoretical elucidation. Some observers, influenced by the form of the 
gtaphitizing reaction equation, chose to expound it in terms of the 
principle underlying first order or monomolecular reactions. Their 





— 
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theoretical treatment, though sound in principle, was vitiated jn ap- 
plication by the fact that the solid system in which the reaction takes 
place is heterogeneous and not homogeneous. The monomolecyla; 
reaction curve should be convex upward throughout its entire course. 
Substantially all of the time-graphite curves which have been pub. 
lished, and there are many, are convex upward only after about one. 
half of the available carbide has been decomposed. 

The form of the time-graphite curve is of great importance to the 
manufacturer of malleable iron. If he understands the form of the 
curve he knows how long heat treatment at a given time must be 
carried out for the reaction to complete itself. If he is attempting 
to arrest the process at some predetermined combined carbon, then 
the form. of the curve, here for temperatures below A,, becomes 
even more important since he must know precisely when to stop 
a heat treatment and cannot, as when making ferritic malleable, as- 
sure himself of success by prolonging his heat treatments beyond 
those necessary for completion by some amount taken as a safety 
factor. It is thus apparent that a knowledge of the mere form 
of the time-graphite curve for a given iron is of overwhelming eco- 
nomic significance. 

Still more important is it to determine by what means, chiefly 
chemical, the form of this curve may be altered in a manner favorable 
to securing a particular end, be that end either the early completion 
of the reaction or its slow progress in order that it may be inter- 
rupted at a desired carbon content. 

It early became evident, largely through the work of Saito and 
Sawamura and of Kikuta, that there must be great changes in the 
form of the curve with temperature. Thus it was seen that although 
the addition of manganese retarded graphitization but little above 
A,, similar additions might almost completely stop the reaction 
below A,. 

If the foundryman is to successfully control the graphitizing 
rate of his material, quite evidently he must understand not only the 
form of the time-graphite curve for a particular material, but also 
learn why these curves are not more nearly sirailar to one another 
than they turn out to be. 

Some discussion will be found in the body of the paper show- 
ing that the curves above the critical point actually possessed some 
degree of similarity, but unfortunately the uncertainties wet 
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greatest near the end of the graphitizing process where certainty is 
most important. 

Many years’ experimentation and study have finally led to the 
treatment of the form of the time-graphite curve partially expounded 
in this paper and which can explain in what manner and at what 
points in the graphitizing process time-graphite curves can vary in 
shape as a result of certain fundamental constants chief among 
which are the rate at which cementite can dissolve, carbon crystal- 
lize, cementite dissociate and carbon migrate in solid solution. Since 
the experimental field is so enormous no pretense can be made that the 
effect of chemical composition upon these several constants has yet 
been brought within the scope of our understanding. It seems reason- 
ably certain that the crystallization velocity of graphite should have 
nothing to do with the chemical composition of the matrix. On the 
other hand the dissociation rate of cementite might very readily be 
very greatly affected by chemical composition. There would seem to 
be a possibility that chemical composition should affect migratory 
rate, for the relation between the diffusion rate of hydrogen and 
carbon in iron in terms of their respective concentrations has re- 
ceived some study particularly by Hamm and to some extent by the 
author. We can scarcely hazard a guess whether the solution rate of 
cementite should be affected by chemical composition. We can, how- 
ever, say what effect changes in these several characteristics will 
produce in the form of the time-graphite curve and so bring our- 
selves one step nearer the general solution of the problem of co- 
ordinating chemical composition, temperature and graphitizing rate. 

Since it would seem to be mere coincidence if the effect of any 
chemical addition affected two or more of the constants quantita- 
tively in proportion, it is quite plain that the time-graphite curve com- 
posed at various portions of its length, of segments whose form is de- 
termined by entirely different processes, should be capable of enor- 
mous change as the chemical composition is varied. Complex con- 
ditions unfortunately require complex means of exposition for their 
rigorous description. One is driven therefore to the use of purely 
mathematical argument in the discussion of a very practical problem. 

It may not be out of place to point out that precisely as engi- 
heers grow more facile in mathematical thinking they may find the 


so-called practical aspects of their problems to take on an increased 
simplicity, 
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It may be said by way of general comment that many time. 
graphite curves seem to be capable of explanation in terms of migra- 
tory rate and dissociation rate only. In these cases crystallization 
rate is the controlling factor for an indetectably small period of time 
only. It is not improbable that solution rate is never the controlling 
factor. 

Aside from the interest which the present problem holds in the 
manufacture of malleable cast iron it may also be worthy of some 
attention by those interested, for purely theoretical reasons, in the 
progress of reactions in a heterogeneous solid system. 


Fig. 1—Appearance of Graphite Nodules at Cementite-Austenite Interface. 
Picral Etch. X 100. 


METALLOGRAPHY 


Before beginning an exposition of the subject of the form ol 
the graphitizing curves, it may be expedient to reprint here certain 
micrographs made by Mr. C. H. Junge of this laboratory, all of 
which have previously appeared elsewhere. These pictures wil 
serve as a quick survey for those unfamiliar with the process of the 
sequence of events during the malleableizing reaction. 
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The process is|initiated by the appearance) at austenite-cementite 

interfaces in the white iron of carbon nodules, as shown in Fig. 1. 

As it goes on these nodules grow and surround themselves with a 

cementite-free equiaxed zone, as shown in Fig. 2. The nodule then 


contains the carbon originally present as cementite in this zone. If 


Sersenailien MEE one, oe —_e A; at the Expense of Cementite in the 
conditions for the appearance ‘of nodules are unfavorable at cement- 
ite-austenite interfaces, graphite appears at other interfaces, “man- 
ganese sulphide”-austenite for example, as shown in Fig. 3. 

After the cementite is all destroyed the reaction has attained 
equilibrium. If the temperature is then dropped below A, sufficiently 
rapidly, the structure becomes one of carbon nodules embedded in 
pearlite. On subsequent holding below A, the pearlitic cementite is 
dissolved and deposited on the adjacent carbon nodules as shown in 
Fig. 4. If, on the other hand, the cooling rate is sufficiently slow 
through the critical temperature zone, austenite can break up into 
'errite and carbon which are deposited simultaneously in contact with 
one another, as shown in Fig. 5. 
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With these ideas in mind we may now proceed to a statement and 
consideration of the subject of this paper in more formal terms. 


INTRODUCTION 


It is well known (1)* that for most purposes connected with the 
study or practice of the graphitizing reaction it is an excellent firs 











Fig. 3—Graphite Nodules Growing on “Manganese Sulphide” Inclusions. Unetched 
500. 


approximation to consider the time-graphite curve as an expression 
of a process conditioned, as to rate, by the rate of migration of carbon 
in iron. For this purpose it is not necessary to question in what 
form the carbon migrates so long as the migration rate is constant. 
It was later found that many, perhaps all, time-graphite curves begit 
with a time interval in which the reaction does not advance meas- 
urably. This interval, sometimes too short for detection, has since 
been shown (2) to involve a limited progress of graphitization. !t 
is impracticable to determine the equation of this curve by observa 
tion and only an empirical evaluation was attempted. 





1The figures appearing in parentheses refer to the bibliography appended to this pape’ 
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When graphitization approached completion it was already 
evident that considerable “scatter” of results exists about the empiric 
curve which was ascribed, perhaps correctly, to the analytical diffi- 





Fig. #-Carbon Nodule Growing Below A; at the Expense of Pearlitic Cementite. 
Picral Etch. X 500, 

culties involved in work on almost completely graphitized material. 

Further, it is intellectually unsatisfactory to accept, without 
confirmation, the assumption that the graphitization rate has through- 
out the entire process the migratory rate as the sole determining 
factor. A restudy of the problem was therefore undertaken which 
should include also a correlation with fundamental physical character- 
istics of the metal so that an understanding of the rate of the process 
should rest upon definable and measurable properties. 


FUNDAMENTAL CONCEPTS 


The graphitizing process involves the solution of iron carbide, 
its dissociation into the elements, the transport of the carbon to a 
center of crystallization (before or after dissocjation) and its crystal- 
lization. The birth of nuclei for crystallization might well have been 
included. Laboratory experience has shown, however, that, except 
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in one case, there appears no great change in nuclear number afte, 
the process is once initiated. 

That a complex chemical process proceeds at the rate correspond. 
ing to its slowest step is universally understood. 








Fig. 5—Carbon Nodule Growing in Critical Range by Decomposition of Austenite 
Into Ferrite and Carbon. Picral Etch. Xx 100. 


Now it does not follow that the same step is the slowest at all 
stages of the process. Therefore as the amount of graphite increases, 
the step controlling the rate of the process may change and with 1 
the form of the locus. The matter will be clearer by reference to 
the following illustrations. The validity of the form of the curves 
used is not yet evident. It may be said for the present, however, that 
they are a sufficiently reliable expression of the locii of the equ 
tions deduced later in this paper to serve as a basis for preliminary 
discussion. 

In Fig. 6 we have a series of curves representing the rate 0! 


dG 
dt 





graphite formation, , as a function of graphite content. Two 
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of these curves, those corresponding to control of the process by 
migratory rate of carbon and solution rate of cementite, each sub- 
divide into three parts for reasons which will be explained later. 
The points of division fall at 0.524 and 0.972 completion under all 
circumstances. The three parts are referred to hereafter as first, 
second and third stage of graphitization, a terminology not to be 
confused with the terms first and second stages of annealing with 
which the present nomenclature has no connection whatever. 











mt | | : 
_ & Dissociation | ! . / 
Md | Crystallizationn, ~~ 
‘ at ee 
x. | | y 
a | das a i 
‘| Y L7T> i il eS 
. Cw ~~ 
& Solution a | \ | 
~ ie \ 
g | fA | 1 : 
> 4 \ i~ | 
ww | 4Y | \ 
8 ‘/ | \. ‘ 
© NV \ . \ | 
Uf | cs \,. Migration, 
ih Graphitization - 1 
Z ( ite) \ } 
Y | : 
| First Stage | |_| Second Stage 
_— -—— a 
' 


Graphite +Available Carbon 


Fig. 6—Graphitizing Rate by Various Reactions as 
a Function of Completeness of Graphitization. 


The third stage of graphitization representing only some 0.07 to 
0.08 per cent of combined carbon is in practice of little importance. 
It may profitably be discussed in the interest of completeness. 

The scales for the curves were selected for purposes of illustra- 
tion and have no relation to any actual alloy. For any actual metal 
the curves will have the general form shown, but their vertical 
ordinates will be those of the figure decreased or increased through- 
out a given curve in a constant ratio as required by the rate char- 
acteristic of that metal. This ratio is not necessarily or even usually 
the same for the several curves for a given material. 


Certain relations are invariably encountered each of which will 
be discussed later. 
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The gist of the entire discussion is that at any given graphite cop. 
tent the process proceeds at the rate of the slowest reaction for tha 
composition. The heavy line of Fig. 6, made up of segments of th. 
several locii, choosing always that whose ordinate is lowest for , 
given abscissa, represents the velocity of the process as a function 
of graphite content. For convenience graphite is expressed in the 
figure as a fraction of the total carbon available for graphitization, 
The governing reaction shifts from one to another at the values 
of G corresponding to intersection through their locii. 

Fig. 7 exemplifies the time-graphite locus deduced from Fig. 6 
The thin lines are locii of the curves whose first derivatives are 
plotted in Fig. 6. The integration of the curves of Fig. 6 involves a 
constant:of integration. For the purpose of these thin lines, which are 
to illustrate the form of the curves only, it is assumed that there is 
no graphite when time is zero. Actually in constructing the complete 
locus of the graphite-time curve this assumption is no longer valid 
and a constant of integration must be chosen which will pass each 
curve through the value of G required for the intersection of suc- 
cessive branches at the corresponding value of t determined by the 
preceding stages of the process. In practice this represents a shift 
in the entire locus in the direction of increasing time until it passes 
through a predetermined point. The curve then starts not at zero 
time, but at a finite time. In Fig. 7 the time-graphite curve produced 
out of segments of the several individual curves with appropriate 
shifts is shown as a heavy line. The individual branches are ex- 
tended as dotted lines to make clear the assemblage of curves into a 
final composite. . 

In the case chosen for illustration, the crystallization of graphite 
is slower than the solution of cementite. The process therefore be 
gins conditioned by crystallization rate (as already pointed out, tt 
can never begin by either dissociation or migration). At a rather 
low graphite content migration becomes the slower reaction and cot- 
tinues into the second stage of graphitization when dissociation be 
comes the slowest of the reactions. Under the circumstances plotted 
solution rate is never the controlling factor. 

It is the purpose of this paper to deduce the equations of the 
locii corresponding to the several reactions, calculate their first deriva- 
tives, in terms of G, compute the points of intersection and the 
requisite shift in time origin to produce the composite curve. 
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FUNDAMENTAL ASSUMPTIONS 


A fairly complete summary of the principles of the graphitizing 
process has been published elsewhere (3). In the interest of 
brevity one may dispense with a detailed recapitulation of the facts 
given there and in the sixty-odd references quoted. For our present 
purpose we assume that graphitization proceeds by the growth of a 
nodule of graphite (interspersed with iron it is true) at the center 
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Fig. 7—Relation of Completeness of Graphitization to Time 
for the Four Fundamental Reactions and for Their Composite. 


of a symmetrically similar mass of solid solution from which all 
the excess cementite has been removed, dissociated and deposited on 
the nodule. This mass of “decementized” solid solution is orig- 
inally completely and later partially surrounded by a mass of cement- 
ite and austenite (or cementite and ferrite below Aj), of the orig- 
inal composition. We concern ourselves until further notice only 
with an isothermal process and assume that migration takes place 
only radially toward the center of each nodule. 

The density of graphite is assumed to be 2.25, that of cementite 
744 and that of the alloy 7.73. The latter value is regarded as 
unaltered during graphitization. The error of about 3 per cent in 
density thus introduced does not seem to justify the great mathe- 
matical complications incident to carrying through the density as a 











1340 TRANSACTIONS OF THE A. S. M. December 


function of graphite content. In considering the carbon content 
originally in the decementized sphere no correction is made for the 
fact that the carbon concentration is not A,, throughout, but js Aw 
at the periphery. 

It is furthermore assumed that the graphite nodules are dis. 
tributed systematically throughout the iron at the points of cubes 
and that all begin to grow instantaneously when the process begins 
and all grow at the same rate. It may be hoped that the system 
described can be considered statistically equivalent to the facts. 

The velocity of crystallization of graphite (at a given tempera- 
ture) is assumed to be constant and the distribution of metal and 
graphite in a nodule is assumed to be uniform so that the same pro- 
portions will be found whenever one cuts a nodule. A similar wni- 
formity of cementite distribution in the alloy is also postulated and 
solution of cementite is considered to take place only from the surface 
of the carbide at the boundary of the cementite free sphere. Migra- 
tion is taken as proceeding according to Ficks’s rule and a “steady 
state” is postulated so that the amount of carbon migration in unit 
time across any spherical shell around a given nodule is the same. 
The dissociation of cementite is no doubt a reaction “of the first 
order”. 

In the “third stage” of graphitization it was necessary to assume 
that the decementized zone is a figure bounded by 14 flat sides 
(8 equilateral triangles and 6 octagons) formed by the inter- 
section of a cube and an octahedron, instead of having 8 curved 
surfaces formed by the intersection of a cube and a sphere. This 
is equivalent to substituting for the remains of the spherical sur- 
face the planes tangent to that surface. 

Some assumptions are necessary in translating any physical 
problem into mathematical terms and those just set forth seem to 
combine reasonable simplicity with accuracy sufficient to represent 
the practical case without serious error. Each reader will perhaps 
find some points which he cannot accept without reservation. 


NOMENCLATURE 


A Area of contact of decementized and cementite bearing tracts. 
Linear rate of growth of graphite. 

Mass of carbon migrating across unit area in unit time at unit 
concentration gradient. 


oe 
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Cc Carbon initially available for graphitization (per cent). 

c Mass of cementite dissolved per unit area in unit time. 

cos Cosine. 

cos? Anti cosine (the angle whose cosine is .... 

Density of packing (volume of graphite -volume of nodule). 

Symbol of differentiation. 

Fraction of combined carbon dissociating in unit time. 

Graphite (per cent). 

A constant of integration. 

Difference between concentration at Acm and Ag,. 

Combined carbon concentration measured above Ag, concen- 

tration. 

In Natural logarithm. 

log Briggs’ logarithm. 

N Number of nodules per unit volume. 

Q Quantity of carbon migrating across any spherical shell in unit 
time. 

R Radius of spherical surface of decementized area. 

tr Radius of spherical surface of graphite nodule. 

T Absolute temperature (Kelvin scale). 

t Time from beginning of reaction (when G = QO). 

Vy 

\ 

X 


ram Cee & 


Volume of decementized area. 
Volume of graphite nodule. 
Distance from center of nodule (x > r). 


DERIVATION OF GRAPHITE-TIME EQUATIONS 


Both editors and readers are shy of lengthy mathematical dis- 
cussions. Much of the mathematics underlying this paper represents 
long and complicated algebraic transformations which are as unavoid- 
able as they are uninteresting. It seems expedient to outline the basis 
of each mathematical treatment (see Appendix I) in rather informal 
language and summarize the results in Fig. 8 by a brief mathematical 
treatment which indicates only the principal steps and conclusions 
and omits all the merely operational work. The omitted material 
occupied the writer’s attention for some 500 hours and was checked 
step by step by Mr. G. M. Guiler of the writer’s laboratory to whom 
thanks are due for his painstaking effort. 


The figure gives for each of the possible conditions the value of 
dG 


a in terms of G and t and the requisite constants. 
t 


In Fig. 9 a summary of the equations for all the possible points 
of intersection is presented. These equations involve the empiric 
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simplification of form of some of the expressions. For those who 


G 


desire greater precision the precise value of — corresponding to the 


calculated ‘approximate values are shown graphically in Fig. 13. 
The equations of Fig. 9 obviously permit of defining the condi- 
tions as to the relationships of the fundamental constants which will 
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place the point of intersection at realizable values, either between 0 


and 1 for zn or within the smaller range where the equations apply 
‘0 one particular stage of the process only. They may also be in- 


terpreted to give the changes in one or more constants which will 
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exactly balance changes in other constants, an application which js 
more interesting than useful. 


GENERALIZATIONS REGARDING INTERSECTION 


From an inspection of Fig. 6 and of the equations for the points 
of intersection certain generalizations are at-once possible. 

Either the Solution curve or the Crystallization curve (depend- 
ing on the constants) is the slowest in the beginning. 

The Dissociation curve is always the slowest at the end. 

The Dissociation curve intersects every other curve once and 
only once. 

The Crystallization curve intersects the Migration curve once 
and once only. 

The Crystallization curve never intersects the Solution curve in 
the first stage. 

The Crystallization curve can intersect the Solution curve in 
either the second or third stages but not in both. It is possible for 
conditions to be such as to prevent any intersection. 

The Solution curve never intersects the Migration curve in the 
third stage. 

The Solution curve can intersect the Migration curve in the 
first or second stages but need not necessarily do so. 

The Solution curve can be entirely below the Migration curve 
(i.e., slower) if suitable relationships between the fundamental 
properties are granted to exist. 

By comparison of the equations for the intersection of the solu- 
tion and migration curves in the first and second stages it is ap- 
parent that the conditions for an intersection in the first stage do 
not produce an intersection in the second stage, hence if a first stage 
intersection exists, no second stage intersection is possible. The solu- 
tion and migration curves thus do not cross more than once. 

Be it noted that any pair of locii never cross more than once 
and that circumstances may be such, at least in principle, that the 
solution curve does not intersect either the crystallization or the 
migration curve or intersects but one of them. By setting the lim- 


G ¥ 
iting values of — in each of the equations for that quantity 1t 's 
c 


easy to see in doubtful cases whether in any given case the funda- 
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mental constants are so related as to permit of the corresponding 
intersection. 

A little study of the data will disclose that if the four reactions 
are enumerated in the order, Crystallization, Solution, Migration, 
Dissociation, then in so far as intersections between pairs of the 
several graphitizing rate locii are found to exist at all, the reaction 
named earlier in the series proceeds more slowly below the point of 
intersection than that named second. Control of the velocity of the 
process thus passes through the series in the order given although 
some step may never exercise control, for example solution in Fig. 6. 
Such a condition arises when the intersection of one locus with its 


; , , G 
immediate successor in the series falls at a higher value of — than 


an intersection of the former with some later locus. The intervening 
reaction then never controls the velocity of the process. 


THE TIME ORDINATES OF THE GRAPHITIZATION CURVE 


We are next concerned with the shifts in origin of the several 
time-graphite curves necessitated to produce a single; curve as illus- 
trated in Fig. 7. In principle it is simple to substitute values of G in 
the equations of Fig. 9 in expressions for t in time of G deduced 
from the relationships of Fig. 8. If we desire greater precision the 


values of = of Fig. 9 may be corrected in the light of Fig. 13 or 


where extrapolation is required and seems unreliable in view of the 
form of a curve in that figure, as for example the dissociation- 
crystallization intersection, resort may be had to graphical or suc- 
cessive approximation methods applied to the rigorous equations 
of Fig. 9 from which the empiric ones were approximated. 

It may be noted however, that we will ultimately be concerned 
with a difference between two times which will contain a smaller 
absolute error than either time separately, these being affected in 


es se , 
the same direction by an error in Cc Such an error in the difference 


may become negligible in comparison with the fairly large time re- 
quired for the process to approach completion. 
The differences in time required to reach by two reactions the 
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Due to Previous Dominance of Another Reaction. 








G 
value of — where the process passes from control by the one © 


C 
control by the other are assembled in Fig. 10 with due regard to the 


G 


stage of the process (i.e., the value of —) where this change occurs. 


While the pracess is proceeding according to a given reaction the 
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graphite content is that corresponding to a time on the graphite locus 
obtained by deducting from the total elapsed time the sum of the 
several delays previously encountered whose magnitudes are listed 
in Fig. 10. 

Thus assume, as is perhaps the case frequently, that the process 
began as a solution reaction, changed during the first stage to the 
migratory reaction and again in the third stage to the dissociation 
reaction. At a given time, so chosen that it falls within the dis- 
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Fig. 11—Values of Time for Various Stages of Com- 
pletion of the Graphitizing Process by Various Re- 
actions. 


sociation’s control, the graphite content may be calculated by deduct- 
ing from the elapsed time the values t'¢y and t?yp in Fig. 10 and 
then applying the dissociation equation 


log (C — G) = log C — 0.4348 gt 
to the remaining time. 


If one desires a graphic representation of the progress of 
graphitization with time at this stage he may plot the locus of the 
preceding equation and then move the origin (in the negative direc- 
tion of time) by the sum of t'ey plus t?yp. The superscripts in 
the symbols for lost time represent the stage of the process where 
a given intersection occurs, the subscripts are the initials of the re- 
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action from which to which the process changes at the intersection, 

Since the expressions for time in terms of graphite are fre. 
quently useful and excessively laborious of computation, a sunimary 
of the expressions is included in Fig. 11. The time to reach 
graphite content known to fall on the locus of any particular reaction 
is the t computed from the appropriate expression in this figure plus 
the increments read from Fig. 10 for such changes from one reaction 
to another as have previously occurred. 


DISSOCIATION OF AUSTENITE TO GRAPHITE AND FERRITE 


We have disposed of the mathematical treatment of the iso- 
thermal graphitizing process in its general form applicable to any 
temperature. A special case exists in the temperature interval be- 
tween A, stable and A, metastable. Here we may have austenite or 
austenite plus cementite surviving as by supercooling and converting 
themselves directly to the stable phases graphite and ferrite. There is 
then involved the direct formation of alpha iron from the gamma 
iron of austenite and/or from the iron of cementite. 

The dissociation of cementite. requires no new concepts for we 
have already derived equations which are applicable without any 
particular assumptions as to the details of the reaction. The pos- 
sibility that there might be two dissociation rates above A, for 
cementite per se and one for cementite in solution in gamma iron is 
pragmatically disposed of by the observation that so long as the sys- 
tem cementite-austenite exists we can find intervals of considerable 
length in which the process proceeds experimentally in about as good 
agreement with the assumption that cementite per se is dissociating 
as the experimental precision permits us to judge. The dissociation 
of austenite, kept saturated with cementite at a solution rate sufficient: 
ly great to keep up with graphitization should at a given temperature 
produce graphite at a nearly constant rate (actually increasing 
slightly as the amount of free cementite decreases), and hence the 
amount of saturated austenite increases. The equation 


dG 
orguedt 6 abe), 
dt 
should then perhaps better be 
dG 
— => g (C — G) + constant. 
d 


t . 
Perhaps for lack of a theoretical understanding of the subject, which 
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may, one hopes, be in part remedied by this paper, apparently no 
sufficiently precise studies have been made to decide whether such a 
constant exists and hence both cementite and austenite dissociate. 
Any such discussions are applicable, in principle, to any tempera- 
ture where austenite exists. In the particular temperature range 
now under discussion, however, we have a fifth reaction type not 
previously encountered in which graphite is formed by the reaction 
Austenite —> Ferrite + Carbon 
which is in effect Fe (Y) — Fe (a) the formation of graphite being 
merely an expression of the insolubility of graphite in ferrite. The 
mathematics of this condition in the absence of excess cementite runs 
exactly parallel to that for the dissociation of cementite. We have 
seen that in the latter case 


dG 
— =g (C—G) 
dt 


Counting t from the time of disappearance of cementite in this intra- 
critical range the fraction of the total iron transferring from Y to a 
in unit time is f and the rate of transformation 


dt 


where Y temporarily indicates the fraction of the total iron which is 
in the Y state. 

Neglecting for the purposes of approximation the amount of 
carbon in the system, the per cent a graphitic carbon is K Y where 
K has the usual meaning which for the present limited temperature 


range is practically equal to the metastable eutectoid concentration. 
Hence 
dG Kdy 
C—G = K @ and = =fyY 
dt dt 
dG C+*G f 


—=fr=f =— C—G) 
dt K K 


which excludes Y from our expression.. We may then use the pre- 
f 
viously derived expressions for the dissociation reaction by setting — 


K 
lor g in any formula always remembering that the origin of the time 


scale is then at the moment when cementite disappears in the par- 
ticular interval under discussion and the solution momentarily is two- 
phased, graphite and austenite. 
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EFFECT OF TEMPERATURE UPON THE GRAPHITIZING Process 


The locus of the isothermal graphitizing process has been quan- 
titatively described in terms of the fundamental quantities N, D, 
b, c, f, g, and K. It is necessary to consider how the selection of the 
isothermal temperature affects this locus since any of these quantities 
except f which is applicable only in a negligibly narrow temperature 
range, may be expected to vary with temperature. 

The nodule number, N, has but an indirect relation to tempera- 
ture. It increases with the temperature at which graphitization js 
initiated and thereafter changes but little, even if the temperature be 
changed. It is affected by so many other conditions that it can be 
considered as a function of temperature only for a particular alloy 
of given past history and is much more nearly a function of the metal 
than of the temperature. 

For a given metal it does experience a discontinuous change 
near the critical point being much smaller when graphitization pro- 
ceeds isothermally below A, than above. D is much greater in the 
former case than in the latter and probably decreases continuously 
as temperature increases in the range above A,. There may be some 
reason for expecting the crystallization velocity, a, to be rather 
constant irrespective of temperature. The migratory rate and the dis- 
sociation rate probably increase with temperature in such a manner 
that their logarithms are linear functions of T (Kelvin’s scale). The 
data available suggests that the migratory rate is multiplied by per- 
haps 1.2 for an increase of 10 degrees Cent. in T while the disso- 
ciation rate is multiplied by perhaps 2 for a similar relation to T 
but there seems to be absolutely no quantitative information as to its 
thermal coefficient. It is probably fairly accurate to assign to K the 
value 

K = 0.02 (1600 degrees Cent. — T). 

Important qualitative consequences of these poorly supported 
facts are that the dissociation reaction increases more rapidly with 
temperature than the migratory reaction and the crystallization rate 
probably increases still more slowly. Solution, no doubt, increases 
but we know not how fast. The intersection of the migratory and 
dissociation reactions should thus be at a more nearly complete stage 
of graphitization the higher the temperature. The same can probably 
be said of the intersection of the crystallization reaction with the 
migratory. 





1942 GRAPHITIZATION IN IRON 1351 


It seems reasonably probable that the crystallization-solution in- 
tersection should also move in the same direction. It is easily seen 
that the thermal coefficients could perhaps change in such a manner 
as to actually obliterate the migratory reaction above or below a 
particular temperature. Either crystallization or solution may dis- 
appear, but not both. 


GRAPHITIZATION WITH CHANGING TEMPERATURES 


This extremely complex subject may be dismissed with the gen- 
eral statement that if we can express T as a function of t and if we 
had reliable knowledge of the thermal coefficients of the fundamental 
quantities previously enumerated, we could substitute in the various 

dG 


equations for in Fig. 8 functions of t for a, b, c, g, etc. Inte- 
dt 


gration would then produce an equation for the locus of the reaction 
when T varied with t in the predetermined manner. Intersections of 


dG 


the various locii could be computed as before and the locus 
dt 


for the entire process constructed. Though simple in concept, the 
actual execution of these processes might well be quite tedious. It is 
fortunate that in practice the only important interval of varying 
temperature is that between the stable and metastable A, which is 
short enough to be handled by isothermal considerations. 


CONCLUSIONS 


The paper has shown that the form of the isothermal time- 
graphite curve can be predicted given a sufficient knowledge of the 
various fundamental constants. 

The changes accompanying changes in the isothermal tempera- 
ture chosen are outlined. 

The method of attack for variable temperatures is indicated. 

The paper can obviously furnish guidance as to the stages of the 
process when the several reactions can best be observed and may, it 
is hoped, furnish impetus for much more fundamental and searching 


investigations into the graphitizing process than have so far been 
carried out. 


The treatment of the solution reaction is most open to question 
especially below A,. There is no experimental evidence showing that 
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this reaction has ever been directly observed as part of the graphitiz- 
ing process, and at low temperatures the metallographic evidence js 
not altogether conclusively in favor of the fundamental assumptions, 

No pains have been spared to exclude numerical errors; it may 
be too much to hope, however, that none have crept in. A complete 
reproduction of the calculations in the present publication would 
have been impossible on practical grounds. If anyone should be 
moved to a recalculation of the data along the lines which are here 
merely outlined and should find discrepancies, the author would be 
grateful for having them called to his attention. 


Ist Stage 2nd Stage 3rd Stage 


5 Fig. 12—Diagrammatic Representation of: Decementized Zones in Relation to the 
Unit Cube Surrounding a Graphite Nucleus in the Three Stages of Graphitization. 


Appendix I 


Mathematical Derivations 


The mathematics of the crystallization and of the dissociation 
reactions may be passed over quickly. The former merely repre- 
sents the growth of a sphere of iron and graphite containing D times 
its volume of the latter phase if the radius increases at a uniform rate. 
The derivation of the velocity of a first order or monomolecular re- 
action is found in any reasonably complete chemical text. 

The radial rate of growth of a spherical nodule by migration is 
proportional to the carbon concentration gradient at its surface. The 
gradient in turn is inversely proportional to the distance from the 
nodule’s surface to that of the decementized sphere which distance 
in turn is proportional to the nodule’s radius.’ One thus has a sphere 
whose radius is growing at a rate inversely proportional to that radius 
and for the first stage of migration the problem is merely to com- 


pute the volume and hence the graphite content of such a sphere as 4 
function of time. 
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Fig. 13—Errors Remaining in Fig. 5. 




















1 
When R = ———— adjacent spheres become tangent and for still 

wa | 
larger values of R the spheres intersect and the physical conditions of 
growth are altered ending the first stage of graphitization. At that 


time G :C : : volume of sphere : volume of circumscribed cube, or 
T 

G = —C. The three stages are illustrated in Fig. 12. 
6 


In the second stage of graphitization the decementized zone and 
the nodule, which are similar figures, because of the assumed strictly 
radial migration, are no longer spheres but have six flat faces cut 
from each sphere. These six faces are at fixed distances from the 
center and the radius of the spherical surface increases at a rate in- 
versely proportional to its own magnitude. The volume of such a 
figure is expressed as a function of time and G calculated. When R 
vee 

ZN 
and the physical conditions again change bringing the operation to the 
third stage. 

The mathematical complexity of correlating the volume of a cube 
of fixed size whose corners are cut off by portions of a spherical sur- 


the six circles become tangent at that time G = .972 C 
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face whose radius grows as before is such as to be unwarranted ip 
the range where less than 3 per cent of the original carbon or less than 
0.10 per cent of combined carbon remain. It is simpler to consider the 
cementite-bearing areas to be regular octahedra, the radius of whose 
inscribed spheres decreases as the radius of the actual spherical sur- 
face increases. The volume of the cementite-free space is then the 


1 : 
volume of a cube NiA on a side less the volume of an octahedron 


of the dimensions corresponding to the given time and G can be 
calculated as before. 

The treatment of the solution reaction may be exactly parallel 
to that for migration save that R grows at a uniform rate and not 
at a rate inversely proportional to its own value. The subdivision 
of the process into three stages is exactly the same and for exactly 
the same reason as in the case of migration. 

Having formulated expressions for G in terms of t, it becomes 
a matter of simple differentiation and algebra to derive from each 


a value of SS in terms of G in order to correlate reaction rate with 


time. 


INTERSECTION OF THE FIRST DERIVATIVES OF THE TIME-GRAPHITE 
EQUATIONS 


There seems no excuse for burdening this paper with the alge- 
braic processes of determining the simultaneous roots of the various 


equations for £0. One expedient was necessary to eliminate the 


trigonometric expression arising from the application of De Moivre's 
theorem to the Cardan solution of cubic equations in the analysis of 
the solution process. By computing five values of the cosine term, 


corresponding to values of 2 = 0.5, 0.6, 0.7, 0.8 and 0.9 and then 


calculating, by least squares, the best quadratic equation for those 
points, we conclude empirically that: 


G 
cos | 240° 4. 5 cos (1.13 & — 0.112) — — 0.084 + 0.06451 ¢ 


e 
G? 
— — 0.422 CG" 
In the following tabulation we have a comparison of the correct 
trigonometic values and the values corresponding to the quadratic 


equation. 
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Table I 





AIO 


Algebraic Trigonometric 
—0.1572 —0.1562 
—0.1972 —0.1994 
—0.2456 —0.2462 
—0.3024 —0.3001 
—0.3678 — 0.3684 


sofoSS 
OOnNOAU 








; ; ; G 
Even with this expedient the rigorous expressions for G (or— 


C 


at the points of intersection are sometimes of the third, fourth, or 
higher degree in that variable. While the cubic equations can be 
solved by Cardan’s method, the general solution of those of higher 


degree are beyond our algebraic skill. The solutions for © are lim- 


ited to realizable values between 0 and 1 (sometimes to shorter ranges 
of value wheae the process divides itself into stages) and it is usually 
possible to substitute equations of simpler form which are empirically 
identical (within the limits of experimental error) with the more 
complex rigorous statements. | 

For practical purposes, judging from long experience with 
curves of this type, the intersection of the dissociation locus with the 
second stage of migration and that of the first stage of migration 
with either crystallization or solution, we know not which, are cer- 
tainly of predominating interest and perhaps are, under normal oper- 
ating conditions, the only ones which actually occur. Only an ex- 
haustive study of the possible range of values of the fundamental 
constants and their possible interrelations would permit a conclusion 


as to how many of the theoretically possible intersections are actually 
realizable. 
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DISCUSSION 


Written Discussion: By R. E. Burk, professor of chemistry, Westery 
Reserve University, and director of chemical research, Standard Oil (Co. 
Cleveland. 

These comments come from one whose ignorance of ferrous alloys is nearly 
complete but who has been interested in chemical kinetics for a long time 
In the simplest cases, kinetic theory makes a chemical reaction as simple and 
understandable as a game of billiards. This understanding can be taken over 
in principle to the more complex cases, such as the set of reactions dealt with 
by Dr. Schwartz, even though they may not yield to mathematical treatment 
satisfactory in all respects. Such kinetic impressions in complex fields are 
useful guides to research and are therefore very valuable. 

The reactions into which Dr. Schwartz has broken down the process of 
graphitization seem reasonable, and are supported by his micrographs. The 
precise details of his mathematical development are to me less interesting than 
resolution of the complex process into well defined steps, since a single mis- 
taken assumption or mechanical mistake in the mathematics can upset the 
end result (which I did not attempt to check in detail). 

The steps themselves appear to deserve some further consideration and 
perhaps comparison with work which has been done and is in progress in 
other fields in kinetics of solid phase reactions. Thus the initial formation of 
a new solid phase requires the presence of a nucleus of the new solid phase 
or of a solid substance on which the new phase forms with ease. This is illus- 
trated by the action of manganese sulphide inclusions in Fig. 3 of Dr. 
Schwartz’s paper. It is also an acceptable explanation for the shape of the 
early stages of the crystallization curve in Fig. 7. The degree of supersatura- 
tion of carbon in the metal phase would also be a factor of possible interest. 

It seems that the migration process described by Dr. Schwartz consists 
really of three parts: (a) migration in the metal surrounding the growing 
nodule of graphite, (b) migration across the grain boundary, (c) migration of 
carbon across the graphite surface to find its proper niche in the graphite 
crystal lattice. These three migration processes would be expected to have 
different temperature coefficients. Migration across grain boundaries would 
also be subject to influence by small quantities of other materials in the metal, 
since these often accumulate selectively at interfaces. 

On the critical side, referring to page 1350, I should expect the logarithm 
of the dissociation rate constant to be a linear function of 1/T rather than 
T, and the logarithm of the migratory rate constant to be proportional also to 


1/T or the rate constant itself to be proportional to \/T, depending upon 
whether the migration rate is limited by an “activated” migration or whether 
it is more nearly a case of thermal diffusion. Each is pessible in solid phases. 

I hope I will be pardoned in saying so much about possible future work 
in commenting on a paper which obviously represents lengthy and painstaking 
work, and, moreover, work in the right direction. 

Written Discussion: By D. P. Forbes, president, Gunite Foundries 
Corporation, Rockford, Ill. 
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It is, indeed, pleasing to note that Dr. Schwartz is continuing an exhaustive 
study of the graphitization of white cast iron. The present paper ties together 
many of the loose ends of his previous investigations. The brilliance of his 
mathematical approach to this subject can well be envied by many other 
investigators in this field. 

In reading the paper it is necessary to keep constantly in mind that the 
graphitizing curves are based on graphitization at constant temperature and 
that graphitization at any one temperature is considered complete when equi- 
librium is attained even though a considerable amount of carbon may be present 
dissolved in the austenite. It would have been interesting if Dr. Schwartz had 
expanded his treatment of “graphitization with changing temperatures” because 
in commercial annealing of malleable iron roughly 25 per cent of the annealing 
cycle is spent either in raising or lowering the temperature of the charge. 
During the heating up period a certain amount of the “first stage of graphitiza- 
tion” is accomplished before the temperature of “first stage annealing” .is 
reached. It should be possible mathematically to determine the percentage of 
available carbon graphitized during the heating up period, after which graph- 
itization would continue at constant temperature. Obviously, in commercial 
annealing it would be unwise to continue the isothermal treatment to equi- 
librium because the reaction rate after the massive cementite is dissolved 
decreases in velocity and the temperature can be advantageously lowered, 
Doubtless, using the mathematical formulae developed in the paper, a time-tem- 
perature cycle could be calculated which would result in complete graphitization 
in minimum time. 

I trust Dr. Schwartz will continue his work so that he can determine the 
proper values for substitution in his formulae for metals of varying analyses 
and graphitizing properties. 

The time interval before the beginning of nucleation of graphite reported 
in the paper seems to have some similarity to the time delay indicated in the 
curves of Bain and Davenport for the beginning of decomposition of austenite at 
constant sub-critical temperatures. Could Dr. Schwartz speculate further as 
to the cause of this interval? It is due to the fact that graphitization on the 
infinitely small surfaces of the nuclei necessarily requires a considerable time 
before a detectable amount of graphite is formed, or could the time interval 
be due to the fact that, upon heating above the critical temperature, the un- 
saturated austenite (adjacent to the massive cementite) is able to absorb the 
combined carbon from the cementite and prevent a sufficient concentration at 
the interface to permit the formation of graphite? In the mathematical con- 
sideration of graphitization it is necessary to consider the metal as being com- 
posed of a large number of units of volume of certain geometric proportions 
in which the reaction takes place in a uniform manner. In actual practice, 
however, is it not likely that the larger particles of massive cementite may 
not still be partly undissolved after the smaller particles have disappeared, 
with the result that in one portion of the metal section, migration may be 
the controlling factor in graphitization, whereas in other sections of the metal 
dissociation may be the controlling factor. In other words, is the mathematical 


approach to graphitization behavior valid for a metal which is not truly 
homogeneous ? 
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The writer has always been fascinated by the possibility that grain 
boundaries permit migration of carbon much faster than the crystal lattice of 
the austenite grains and that certain impurities in white iron which concep. 
trate at grain boundaries may accelerate or retard this migration. The volume 
of the grain boundaries (if, indeed, they have any volume at all) must pe 
very small. Minute traces of impurities segregated in the grain boundaries 
conceivably might have a considerable influence on graphitizing behavior. | am 
thinking of such impurities as hydrogen, tellurium, and others, which in minute 
amounts greatly affect graphitization properties. Possibly Dr. Schwartz would 
care to comment on this point. 


Author’s Reply 


It is interesting that one of the discussers of this paper is a teacher, pri- 
marily interested in the theory discussed; the other a manufacturer interested 
in applications of principles to practice. The author takes satisfaction in having 
interested persons of this divergent viewpoint. 

Dr. Burk’s well founded remarks regarding the form of the relationship 
of reaction rates and temperature will be particularly heeded when and if 
sufficient data on thermal coefficients is accumulated to justify an attack upon 
the problem proposed by Mr. Forbes regarding the sequence of temperature 
changes required for a minimum annealing cycle. The author’s current interest 
is largely in the direction of the effect of the several elements on the various 
reaction velocities but the extreme practical importance of Forbes’ problem is 
not to be denied. 

Regarding the suggestion by Dr. Burk that the migratory phenomena 
might be further subdivided it appears to the writer that the transfer of mate- 
rial from cementite to solid solution is embraced in the solution stage and he 
would expect it to be embraced in the conditions postulated for that process. 
Much has been written regarding the effect of grain boundaries on migratory 
rate. A good many years of contact with the problem seems to have shown 
in this laboratory that migration does in fact affect graphitizing rate as it 
should if the resistance to migration were uniform throughout the mass of 
the cementite-free sphere. This may be only due to statistical reasons. 

It is quite true that if the nodule distribution be unsymmetrical the basis 
for this paper falls to the ground. There seems to be little hope of a mort 
rigorous treatment, for any attempt to introduce the effects of variations in 
N throughout the specimens would yield prohibitively difficult equations and at 
best not do much more than average the results. 

As to the two elements, hydrogen and tellurium, especially mentioned by 
Forbes, the former was rather exhaustively discussed before this society last 
year and the latter is believed on fairly good grounds, to behave, atom 10 
atom, like sulphur when present in considerable quantity. Very small amounts 
have been claimed to be accelerators by an incomprehensible mechanism. 


ELECTRICAL RESISTANCE METHOD FOR THE 
DETERMINATION OF ISOTHERMAL 
AUSTENITE TRANSFORMATIONS 


By F: B. Rote, W. C. TRUCKENMILLER AND W. P. Woop 


Abstract 


A method for studying the isothermal transformation 
of austenite by means of changes in electrical resistance 
is described. The apparatus and test procedure are dis- 
cussed and results are compared with similar data obtained 
by other methods. In common with other methods there 
appear to be limitations in the application of the resistance 
method. Where applicable, however, it seems to possess 
certain advantages, the most outstanding one being the 
relatively short time required to obtain data at one tem- 
perature. 


HE importance attached by metallurgists to the isothermal trans- 

formation characteristics of ferrous materials is evidenced by 
the large number of papers presented in the last ten years on the 
effects of variations in these characteristics on the, structural and 
mechanical properties of cast iron and steel. Bain and co-workers 
(1), (2)* in early papers reported studies of the subcritical trans- 
formations of austenite and established the familiar “S-curve” as 
representing the transformation characteristics of eutectoid austenite 
on a temperature vs. logarithm time plot, and showed variations in the 
shape of the curve for various alloy steels. Later investigations in 
the field of cast iron (3), (4), (5) have shown the effects of grain 
size and alloy content on the placement and shape of the isothermal 
transformation curve and the effects of variations in the isothermal 
transformation on the structural and heat treating properties. In 


‘The figures appearing in parentheses refer to the bibliography appended to this paper. 


‘ The work reported _in this paper was done in the laboratories of the Department of 
chemical and Metallurgical Engineering at the University of Michigan. 


A paper presented before the Twenty-third Annual Convention of the 
Society held in Philadelphia, October 20 to 24, 1941. Of the authors, F. B. 
Rote is metallurgist, International Nickel Company, Inc., Research Laboratory, 
Bayonne, New Jersey; W. C. Truckenmifller is metallurgist, A-C Spark Plug 
Division of General Motors Corp., Flint, Michigan; and W. P. Wood is pro- 
lessor of metallurgical engineering, University of Michigan, Ann Arbor, Mich- 
igan. Manuscript received June 14, 1941. 
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these investigations, various means of determining transformatioy 
data have been employed, each depending on the type of resuits 
desired. It is the purpose of this paper to offer another convenien 
and accurate means of obtaining S-curve data; namely the electrica| 
resistance method. 


REVIEW OF MeEtTHOps PREVIOUSLY EMPLOYED 


Among the many papers presented to date the major portion has 
reported the use of metallography to obtain austenite transformation 
data at subcritical temperatures (1), (3). Small specimens austen. 
itized at some temperature above A, critical, and quenched into a 
molten bath maintained at a subeutectoid temperature, are held at the 
bath temperature for lengths of time varying between a few seconds 
and several hours or days, depending on the alloy content of the 
specimen and the transformation temperature, and then quenched 
into cold water or brine. The samples are then sectioned, polished, 
etched, and examined microscopically to determine the degree of 
transformation. A logarithmic plot of time and degree of trans- 
formation is made and the length of time required for the beginning 
and completion of the transformation obtained from extrapolation 
of a theoretically straight line function. 

Another widely used method utilizes the dilatometer and is based 
on the marked differences in specific volume of austenite and its 
decomposition products. Relatively long thin specimens are auster- 
itized at a high temperature, quenched into a molten alloy bath and 
permitted to transform in a dilatometer, while time-elongation data 
are obtained. Since the most marked volume change occurs in an 
austenite to martensite transformation, and since fewer operating 
difficulties are encountered at relatively low temperatures, this 
method is most adaptable at temperatures up through the martensitic 
range. This does not mean, however, that the dilatometer has not or 
cannot be used successfully at higher temperatures. 

For transformations at subcritical temperatures which yield 
products in hardness levels lower than martensite the hardness method 
is often employed (1), (3). As in the procedure for the metal- 
lographic determinations, individual specimens quenched from the 
austenitizing temperature and held for varying lengths of time 2 
subcritical temperatures are finally quenched into water. The aus 
tenite which did not transform at the higher temperature is trans 
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formed to martensite when water quenched, so the greater the degree 
of transformation, the lower the hardness. A hardness-time curve 
shows a maximum hardness from zero time to the time at which 
transformation begins, then decreases gradually to a minimum hard- 
ness at complete transformation. 

Measurements of the magnetic characteristics of ferrous mate- 
rials have also been used in obtaining isothermal] transformation data’. 
A specimen as austenitized and quenched to a subcritical temperature 
is nonmagnetic before transformation begins, but attains increasingly 
stronger magnetic characteristics during the transformation until a 
maximum at complete transformation is reached. Suitably shaped 
specimens are thrust from the austenitizing furnace into the soft 
steel core circuit of a transformer maintained at the desired trans- 
formation temperature. A constant primary current is applied, and 
the secondary current measured during the transformation of the 
specimen which completes the magnetic core circuit. 

Each of the above methods has its advantages over the others 
depending on the circumstances of operation; however, there are also 
obvious disadvantages to be encountered. The metallographic method 
requires several specimens for each transformation temperature, and 
the procedure is rather tedious. The results of hardness tests are 
limited by uncertainties arising from the measurement of only small 
changes in hardness and by the hardness variations within a single 
specimen. The magnetic method requires a good electrical contact 
between two metals at high temperature, so the formation of even a 
thin oxide film undoubtedly interferes with the results. For low 
temperature transformations the dilatometer offers the ideal method 
of obtaining transformation data, since the other methods described 
above fail at these temperatures. 

The electrical resistance method depends in principle on the 
change of resistance accompanying the austenite to ferrite or ferrite 
and carbide reactions. This change has been recognized for many 
years, but no evidence of its use for obtaining isothermal transforma- 
tion has been published to date. 


ELECTRICAL RESISTANCE VERSUS TEMPERATURE 


_ The basis for the investigation reported in this paper was ob- 
tained in an earlier research problem at the University of Michigan 


—_—.. 


“Unpublished data obtained at the University of Michigan. 
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in which the critical temperature ranges of plain carbon steels were 
located by means of electrical resistance measurements. At that time 
numerous steels were studied, among them a series of practically 
pure iron-carbon alloys together with commercial plain carbon steels 
the total range of carbon content lying between 0.016 and 1.18 per 
cent. The temperature-resistance curves on cooling for 0.35 per 
cent carbon steel and commercial S.A.E. t085 steel are shown in Fig, 


a 


‘ok 
ST (Ohms) 


Fig. 1—Temperature-Resistance Curves for 0.35 and 0.85 
Per Cent Carbon Steels Cooled from 1600 Degrees Fahr. at 2 
to 3 Degrees Fahr. Per Minute. 


1. The curve for the lower carbon steel shows that cooling from 1600 
degrees Fahr. (870 degrees Cent.), at which the steel was completely 
austenitic, to about 1485 degrees Fahr. (810 degrees Cent.) produced 
a small resistance change, but that at 1485 degrees Fahr. (810 degrees 
Cent.) an increase in the rate of change of resistance signified the 
beginning of the rejection of ferrite. Further slow cooling to ap- 
proximately 1310 degrees Fahr. (710 degrees Cent.) produced a 
gradual increase in the rate of resistance change, and at 1310 degrees 
Fahr. (710 degrees Cent.), a more marked change began, as the 
austenite with eutectoid carbon content transformed to pearlite. In 
the 0.85 per cent carbon steel the resistance change from 1600 degrees 
Fahr. (870 degrees Cent.) to the A, critical temperature was related 
only to the thermal coefficient of resistance of austenite. During the 
transformation of austenite to pearlite a marked change in resistance 
took place. With the knowledge of this property of ferrous matt 
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rials, it became obvious that electrical resistance measurements might 
be utilized in obtaining isothermal transformation data. 


APPARATUS 


Since a considerable number of wires were necessarily connected 
to the test specimen, it was impractical to use two separated furnaces 
for austenitizing and subsequently quenching the specimen, so a set-up 


Fig. 2—Diagrammatic Sketch of Apparatus Employed in Obtain- 
ing Austenite Transformation Data. 


of the type shown diagrammatically in Fig. 2 was constructed. The 
austenitizing and lead bath furnaces, both electrical resistance tube 
furnaces, were mounted in series vertically and connected by a 
porcelain tube of 234 inches inside diameter. The tube extended 
through the top of the austenitizing furnace and to within %4 inch 
of the lead bath surface. Between the two larger furnaces a small, 
low heat capacity resistance furnace was placed to facilitate control 
of the air temperature above the lead bath, since it was necessary to 
measure the resistance of the specimen in the-air and not in the lead. 
The furnaces were separated from each other by rings of %4-inch 
transite insulating board which fitted the porcelain tube snugly and 
extended beyond the sides of the large furnaces, so that a tightly 


enclosed space including the lead bath furnace and the porcelain tube 
was obtained. 
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To protect the surface of the test specimens from excessive 
oxidation at the elevated temperatures of operation an atmosphere 
of incompletely burned illuminating gas was fed into the lead bat 
furnace from an auxiliary furnace. When the lead bath was operated 
at temperatures above about 1000 degrees Fahr. (540 degrees Cent.) 
the partially burned gas was found to afford insufficient protection, s, 
unburned gas was “cracked” in the auxiliary furnace and fed into the 
lead bath. A small positive pressure was maintained in the system 
by tightly capping the porcelain tube at the top of the austenitizing 
furnace, so that a reducing atmosphere which permitted practically 
no scaling was obtained. | . 

The temperature of the austenitizing furnace was maintained 
at 1600 degrees Fahr. (870 degrees Cent.). The lead bath tempera- 
ture was varied between 400 and 1300 degrees Fahr. (210-705 ce- 
grees Cent.), being held at some constant intermediate temperature 
for each test. To control the temperature of the air above the lead 
bath to within 1 degree Fahr. of the lead temperature, tlie small 
auxiliary furnace was employed. The thermocouples indicated in 
Fig. 2 were used for control purposes only, the temperatures of aus- 
tenitization and transformation being determined by thermocouples 
attached to the specimen. 

Two types of test specimens were employed in this investigation; 
one having a %-inch square cross section and 2 inches in length, 
and the other a %-inch diameter cylindrical section of the same length. 
Both served equally well; however, the round specimen was pre- 
ferred for its lower area and freedom from sharp corners on which 
might occur slight decarburization. Two holes slightly over 0.040 inch 
in diameter were drilled transversely in each end of the specimen ; one 
¥ inch and the other % inch from the end. Eighteen gage chromel 
wires were passed through each hole and gas welded to the specimen; 
the short ends of the wire serving as weld metal. One pair of wires 
carried the electric current, while the other pair was connected to 4 
potentiometer which was used for measurement of resistance of the 
test specimen. A calibrated chromel-alumel thermocouple was wired 
to the center of the specimen, and the entire set-up was secured in 
the sliding fixture shown in Fig. 3. The indicated cross membe! 
rode on vertical guides (not shown), mounted on the austenitizing 
furnace, so that the test specimen could be rapidly moved from one 
furnace to the other. With this system the specimen was suspended 
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at least 4 inches from any large heat capacity material, which as- 
sured constancy of temperature during transformation. 

The electrical resistance of the test specimen was measured by 
means of a comparative method in which the resistance of external 
leads from the specimen to the potentiometer had no effect in the 
measurement. 


Fig. 3—Diagrammatic Sketch of Specimen Assembled for Testing. 


The test specimen was attached in series to an external circuit 
with a standard 0.0l-ohm shunt and a large variable resistor as 
shown in Fig. 4. Power was furnished by a 220-volt D. C. motor- 
generator set. Since the same current flowed through the standard 
shunt and the test specimen, simultaneous readings of the potential 


220 V-DC. Jo Potentiometer 


sisediaicael et Ehcwteal Ranticanea ae 
drops across the two resistors permitted the calculation of the re- 
sistance of the test specimen. The potential drop across the speci- 
mens amounted to 5 to 15 millivolts with a 2-ampere current. This 
was measured with a Leeds and Northrup precision portable poten- 
tiometer. 


Test MATERIALS 
Gray cast iron with balanced carbon, silicon, and alloy contents 


may be considered a eutectoid steel containing flake graphite inclu- 
sions. The silicon, manganese, sulphur, and phosphorus contents are 
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higher than are usually found in a carbon steel, which is advanta. 
geous, since these elements, along with the crystal characteristics oj 
cast iron, tend toward stabilization of austenite and to make the 
transformation more sluggish. Thus, cast iron, because of its rela. 
tively high austenite stability, lends itself well to the development 
stages in a method for the determination of austenite transformation 


Fig. 5—Microstructure of 3.0 Per Cent Total Carbon, 2.0 Per Cent Silicon Cast Iron 
for Which the “S’” Curve Was Determined. a—Unetched, x 100. b—Nital Etch, x 50. 


data. Further, the eutectoid matrix offers no complications with 
proeutectoid ferrite rejection at high transformation temperatures. 
While such rejection is detected in a resistance study, it was con- 
sidered desirable to use a less complicated material than a medium 
carbon steel for the first tests. 

The cast iron tested was a Detroit Electric Furnace melted iron 
made with a charge composed of scrap iron, steel, and ferro-alloys. 
The melt was superheated to 2800 degrees Fahr. (1540 degrees 
Cent.), treated with 0.50 per cent silicon in the ladle, and poured 
at 2650 degrees Fahr. (1455 degrees Cent.) into green sand arbi- 
tration bar molds. The composition was as follows: 

2.97 per cent Total Carbon, 2.02 per cent Silicon, 0.82 per cent 

Manganese, 0.30 per cent Phosphorus, 0.08 per cent Sulphur. 


Photographs of the as-cast structure of the gray iron are shown in 
Fig. 5. 

A short series of tests was also run on a medium carbon steel 
which contained : 


0.35 per cent Carbon, 0.18 per cent Silicon, 0.08 per cent Man- 
ganese, 0.024 per cent Sulphur, 0.009 per cent Phosphorus. 





AUSTENITIC TRANSFORMATIONS 


Test PROCEDURE 


In all tests the austenitization time was 15 minutes at 1600 de- 
grees Fahr. (870 degrees Cent.) after which the specimen was rap- 
idly lowered to the lead bath, an operation requiring about 0.1-0.2 
second. The specimen was plunged to about 4 inches beneath the 
surface of the lead so that the attached wires would reach the lead 
bath temperature, held 3 seconds, and raised to a point about 3@ inch 
above the surface of the lead. 

Simultaneously with the removal of the specimen from the lead, 
the electrical circuit was closed, and the potentiometer set. The first 
millivoltage reading was then obtained 5 or 6 seconds after the 
quench; that is, after the specimen entered the lead bath. The re- 
sistance remained constant until the transformation began, at which 
time a sudden swing of the galvanometer needle indicated the begin- 
ning of the transformation. This time was recorded, and subsequent 
readings were taken every 5 seconds until the end of the test, which, 
in this investigation, was when no further measurable decrease in 
resistance occurred for 2 or 3 minutes in short time transformation 
or for 5 or 6 minutes in longer ones. 

During the test, occasional readings of the potential drop across 
the standard shunt were taken, in order that the actual specimen 
resistance could be calculated. In general, the current through the 
shunt, and specimen, was constant within the measurable accuracy 
of the potentiometer, and the potential drop across the shunt re- 
mained constant. 


CALCULATIONS 


The calculations involved in this investigation were based on the 
time-resistance data obtained during a test. A sample plot for cast 
iron transformed at 786 degrees Fahr. (420 degrees. Cent.) is shown 
in Fig. 6. This curve has a parabolic shape characteristic of data for 
a first order reaction, as did the curves at all other temperatures with 
the exceptions which will be subsequently described. The co- 
ordinates are millivolts potential drop across the specimen and time, 
but since the current passed through the specimen was constant, the 
curve is identical with a resistance-time plot. The resistance before 
transformation began was observed and recorded, and the resistance 
at the end of transformation taken from the plot. Since the reaction 
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Fig. 6—Resistance-Time Curve for 3.0 Per Cent Total Carbon, 2.0 Per 
Cent Silicon Cast Iron Transformed at 786 Degrees Fahr. 


never reached theoretical completion, the final resistance was taken as 
the asymptote of the resistance-time curve. 

Since the transformation proceeded according to the law of 
mass action (1), (2), the calculation of the data was based on the 
following equations. 

The law of mass action states that the rate of reaction is pro- 
portional to the amount of reacting substance present, or: 


dC 
an coe Oe LC 
(1). aT 
where : C = amount of austenite at a given time 
T = time 
K = a constant depending on temperature, 


' alloy content, grain size, etc. 
Transposition of (1) gives: 


(2). Ae = — KdT 
which may be integrated to: 

(3). n= — * (ix 7.) 
in which: Cx = austenite remaining at a time, Tx 


Co = 100 per cent austenite at T = T,, or the time required for 
beginning of transformation 


C 
(4). Log. Ge = Ki Tx 


Thus, a plot of log. C,/C, versus Tx is a straight line, since K, is 4 
constant. The function Co/C is obtained by calculation of the 
total decrease in resistance during the transformation, which may be 
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taken as the numerator of the function. The denominator is obtained 
at a given position on the time-resistance curve by subtracting the 
resistance at 100 per cent completion from the resistance at the speci- 
fed time. Thus, equation (4) becomes: 

Co ET; abe E100 
(5). Log. go> = Los. pT, — £,, ~~ Ix 


where: ET: = potential drop before transformation begins 
ETx = potential drop at any time, Tx 
E.o = potential drop corresponding to 100 per cent transformation 


In Fig. 7, which is a plot of log. Co/C versus time, the begin- 





Fig. 7—Plot of Log. Co/Cx Versus Time for Cast Iron Trans- 
formed at 786 Degrees Fahr. Data Taken from Curve in Fig. 6. 


ning of transformation corresponds to the time at which log. Co/C 
is equal to 1 and the end of transformation (99 per cent) where the 
log. function is equal to 100. Intermediate degrees of transformation 
are represented between these two points. 


Tue S-CurveE For Cast IRON 


As a demonstration of the usefulness of the electrical resistance 
method for obtaining isothermal transformation data, the S-curve for 
the cast iron previously described was determined. The curve shown 
in Fig. 8 is a characteristic S-curve for cast iton similar in shape and 
placement to one presented by Murphy, Wood, and D’Amico (3) 
for an iron of about the same composition. The upper portion of the 
curve from 1270 to about 1000 degrees Fahr. (690-540 degrees 
Cent.) is in the pearlitic transformation range; 1000: to about 500 
degrees Fahr. (540-260 degrees Cent.) is in the intermediate acicular 
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product range, and lower temperatures in the martensitic Tange, 
The electrical resistance data were checked by means of micro. 
scopic examination and hardness tests and found to check very 
closely. The results of the checks are indicated by filled-in circles oy 
the curve, while resistance data are indicated by circles. 


Fig. 8—“S”’ Curve Obtained by the Electrical Resistance 
Method for 3.0 Per Cent Total Carbon, 2.0 Per Cent Silicon 
Cast Iron Austenitized at 1600 Degrees Fahr. and Iso- 
thermally Transformed at the Indicated Temperatures. 
Filled-In Circles Indicate Data Obtained by Hardness Tests 
and Metallographic Examination. 


Accurate data were readily obtained in the temperature rang¢ 
470 to 1270 degrees Fahr. (245-690 degrees Cent.), while outside 
this range the transformation characteristics were such that the 
method was not entirely successful. Tests conducted at temperatures 
between the A, critical and 1270 degrees Fahr. (690 degrees Cent:) 
were so erratic that accurate calculations were not possible. That 15 
in general, the transformation would begin in a normal manner and 
proceed to what was believed to be about 75 per cent completion 
when unpredictable changes occurred. In some cases the resistant 
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change would cease and subsequently begin two or three times during 
the last 25 per cent of the transformation, which seemed to never 
reach completion, while in others actual increases in resistance toward 
the end of the transformation were encountered. This unusual be- 
havior of the cast iron was attributed to the co-existence of carbide, 
ferrite, and austenite in the higher subcritical temperature range. A 
similar behavior was reported by Murphy, Wood, and D’Amico (3). 

At low transformation temperatures in the martensitic range 
only a small resistance change, which was difficult to measure, ac- 
companied the transformation. Further complications arose when a 


14 
7imeé, Seconds 


Fig. 9—Plot of Time Required for Beginning of Transformation of 
Cast Iron at 1125 Degrees Fahr. and 0.35 Per Cent Carbon Steel at 1070 
Degrees Fahr. After Austenitization at Indicated Temperatures. 


definite halt of 15 to 200 seconds occurred after about 15 to 25 per 
cent of transformation had taken place. The transformation was 
apparently normal before and after this cessation of transformation, 
although the resistance change during the transformation was too 
small and the rate of reaction too slow to permit accurate data to be 
obtained. These results are of interest in view of the conclusions of 
Greninger and Troiano (6). It is their belief that the transformation 
largely takes place during cooling below the upper limit of the mar- 
tensite range and that the isothermal transformation accounts for but 
a small proportion of the martensite formed. If this were the case 
it would account for the very small change in electrical resistance in 
this range which was noted in the present investigation. 

_ In connection with the S-curve studies the effects of austenitiz- 
ing temperature on the placement of the curves were observed. 
Specimens of cast iron and 0.35 per cent carbon steel were austenitized 
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at temperatures between 1500 and 1800 degrees Fahr. (815-980 ge. 
grees Cent.) and subsequently transformed at 1125 and 1070 degrees 
Fahr. (605-575 degrees Cent.), respectively. Data were obtained dur. 
ing the entire transformation; however, the curves of Fig. 9 which 
show the effect of austenitization temperature on the beginning of the 
pearlite transformation in both materials are sufficient to demonstrate 
these effects. As indicated in the curves, the austenite grain size of 
the steel coarsened considerably between 1600 and 1650 degrees Fahr. 
(870-900 degrees Cent.), and the S-curve was pushed to the right 
by austenitization at 1650 degrees Fahr. (900 degrees Cent.) or at 
higher temperatures. The cast iron, on the other hand, displayed no 
definite coarsening temperature, but the transformation characteris- 
tics became progressively more sluggish at higher austenitizing tem- 
peratures. The effects of higher temperatures of austenitization on the 
transformation characteristics of the cast iron may have been two- 
fold; progressive grain coarsening and absorption of carbon by the 
matrix to bring about a higher degree of austenite stability. 


SUM MARY 


Electrical resistance measurements afford a rapid and accurate 
means of obtaining isothermal transformation data which would 
otherwise be determined by one of the more laborious methods. 
Chief among the advantages of this method are the facts that only 
one specimen is required at each transformation temperature, and 
numerous points, the aggregate of which act as a check on any one 
point, are obtained. The data are ready immediately at the end of the 
transformation without subsequent testing or metallographic polish- 
ing. No moving parts are included in the high temperature system. 

The limitations placed on the temperature range which can be 
accurately studied are not considered of much consequence, since 
the most important part of the S-curve is the “nose” where the 
transformation is very rapid, and in that region data are readily ob- 
tained. For full hardening of cast iron or steel it is necessary that 
the quenching rate be sufficiently rapid to carry the temperature 0! 
the material to below the “nose” temperature before transformation 
begins. Thus, heat treatments are necessarily based on the position 
of the “nose” of the curve. 

The results of the study of the effects of austenitizing temper 
ture on the placement of the S-curve are of interest, since they dem- 
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onstrate an important application of the electrical resistance method 
for studying isothermal austenite transformation as well as showing 
4 novel property of cast iron. Where aluminum-killed steel exhibited 
a definite grain coarsening temperature, cast iron showed progres- 
sively greater austenite stability, either as a result of grain coarsening 
or increase of combined carbon content. 
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DISCUSSION 


Written Discussion: By Chas. A. Nagler, instructor in metallography, 
University of Minnesota, Minneapolis. 

The authors are to be complimented for the fine work they have done in 
the development of the electrical resistance method for the determination of 
isothermal austenite transformation. On consideration of the contents of the 
paper and taking into account some of my own personal experiences with 
electrical measurements for austenite transformation, the following question 
comes to mind. 

Do the authors have available data showing the real or true beginning of 
the austenite transformation by the resistance method? In the published work 
they show actual transformation but no beginning. Was this due, possibly, to 


experimental difficulties or not being able to read their instruments rapidly 
enough ? 
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In some of the work done by the author at the University of Minnesota 
4 magnetic device was developed for following the austenite transformation of 
cast iron or steel at subcritical temperature. An iron of the composition given 
below will be used to show the method of following the complete transformation. 


Carbon 3.14, silicon 2.15, manganese 0.81, phosphorus 0.219, sulphur 0.064. 


The particular sample was preheated at 1600 degrees Fahr. (870 degrees 
Cent.) for 30 minutes in powdered carburizing compound. The powdered 


Fig. C 


carburizing compound prevented surface decarburization during the preheating. 
The specimen was then rapidly removed from the preheat furnace and quenched 
into a salt bath at 800 degrees Fahr. (425: degrees Cent.) for 3 seconds. This 
5-second quench was sufficiently long to bring the temperature of the %4 by % 
by %-inch specimen from 1600 to 800 degrees Fahr. (870 to 425 degrees Cent.). 
The sample was then placed between the poles of a magnetic device, which also 
was at 800 degrees Fahr. (425 degrees Cent.), which followed the transforma- 
tion of the austenite at that temperature. Fig. A illustrates the data taken from 
the magnetic device where ammeter readings were plotted versus time. On the 
right-hand portion of Fig. A the scale is plotted as per cent of austenite trans- 
formed versus time. The transformation data were taken and calculations made 
so that there would be the necessary information for a plot of the log of the 
total austenite concentration divided by the austenite concentration at any 
moment versus time (Fig. B). This plot differs from that given by the 
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authors in their Fig. 7, Plot of Log. Co/Cx Versus Time for Cast Iron Trans. 
formed at 786 degrees Fahr. (420 degrees Cent.), in that the straight line has 
a definite break at 50 seconds. The plot from 10 seconds to 50 seconds is fo; 
the formation of centers or nuclei for the austenite transformation. 

The photomicrograph shown in Fig. C illustrates the structure produced 
by the 800 degrees Fahr. (425 degrees Cent.) transformation at the end oj 
300 seconds. This structure has been referred to either as a coarse acicular 
troostite or acicular ferrite. The specimen had a Rockwell “C” hardness of 27 

It would have added interest to their paper had the authors included in 
which illustrated the hardness of the austenite transformation product at each 
of the temperatures studied. 

F. M. Watters, Jr.:* The authors are to be congratulated on their excel- 
lent paper. However, since it is well known that electric resistance is affected 
by factors other than phase changes, it would have been desirable for the 
authors to have presented more evidence for a correlation between the change 
in resistance and the decomposition of austenite. Howard A. Smith‘ in his 
study on the isothermal transformation of a high manganese steel found that 
the change in electric resistance was in not very good agreement with other 
methods for following the decomposition of austenite. 


Authors’ Closure 


It is a pleasure to acknowledge the comments of Messrs. Nagler and 
Walters. With regard to the question raised by Mr. Nagler it should be 
pointed out that since this work was mainly of an exploratory nature no 
serious attempt was made to establish the existence of an incubation period in 
the austenite transformation. As stated in the early paragraphs of the paper, 
the intention was to ascertain whether or not the electrical resistance method 
gave promise of yielding, more rapidly, results of a similar nature to those 
obtained by more tedious methods. We believe that the data indicate com- 
parable accuracy and greater speed as compared with other methods. For in- 
vestigations of a more theoretical nature, refinements in apparatus and operating 
technique might be necessary. As a final. word, it might be pointed out that 
the only interest in hardness values in this work was a correlation of hardness, 
metallographic and resistance data as shown in Fig. ‘8. 

Mr. Walters suggests that there are factors other than the phase change 
which influence the electrical resistivity of austenite transforming isothermally. 
The enumeration of these factors and an evaluation of their relative significance 
would have been appreciated. It is possible that these factors might have 
assumed considerable significance in the work of Mr. Howard A. Smith t 
which Mr. Walters made reference. Mr. Smith studied a 6.5 per cent gpa 
nese steel which required up to a week to transform at 840 degrees Fahr. (40 
degrees Cent.). Comparison of the behavior of sucha material with those 
used in the present investigation seems hardly justifiable. It might be stated 
further that Mr. Smith reports poor agreement among all the methods he used. 


1Senior metallurgist, Naval Research Laboratory, Washington, D. C. 


2Howard A. Smith, Transactions, American Institute of Mining and Metallurgical 
Engineers, Vol. 116, 1935, p. 342-363. 





THE INFLUENCE OF ALLOYING ELEMENTS ON THE 
CRITICAL POINTS OF STEELS AS MEASURED 
BY THE DILATOMETER 


By R. N. GIL-mor 


Abstract 


Steels of a widely varying composition have been in- 
vestigated by means of the dilatometer. In each steel a 
record was made, through a 1000 degrees Cent. cycle of 
heating and cooling, not only of the temperature at which 
the phase changes occurred, but also the magnitude and 
rapidity of the transformation. As a result of this in- 
vestigation, it 1s possible to predict the influence of such 
alloying elements as: carbon, manganese, nickel, silicon, 
vanadium, molybdenum, tungsten, aluminum and titanium, 
alone or in combination with each other, upon the critical 
points of steel. The dilatometer has produced evidence to 
show the practical advantages of direct transformation 
types of heat treatments whether this be for the elimina- 
tion of excessive hardness and stress resulting from the 
normalizing of air hardening steels or from the annealing 
of sluggish steels of the nickel-chromium-molybdenum 
class. 


INTRODUCTION 


ITH the advent of the automobile, the airplane, high tem- 

perature steam and mercury turbines, welding, etc., many 
of the older heat treating principles suddenly became antiquated. 
Heat treating by eye was impractical. Furnaces were equipped with 
controls for regulating their heating and cooling cycles and each 
anneal was qualified by its furnace cooling rate. These revolutionary 
changes were necessary to meet the complications caused by the 
introduction of alloy steels into the field of industry. While all the 
alloy steels have their virtues they also have their vices. It was be- 
cause of these difficulties that the dilatometer emerged as an essential 
metallurgical tool. It has taught the metallurgist and heat treater 
how to develop the best possible creep resistant properties in a par- 


_ A paper presented before the Twenty-third Annual Convention of the 
Society held in Philadelphia, October 20 to 24, 1941. The author, R. N. 
Gillmor, is associated with the Metallurgical Section, Works Laboratory, 
General Electric Co., Schenectady, N. Y. Manuscript received April 10, 1941. 


1377 





1378 TRANSACTIONS OF THE A. S. M. December 


ticular steel, how to prevent thermal cracks in large forgings, exces. 
sive hardness and cracking in welds, and other hazards too numerous 
to mention. 

Steels like most metals expand and contract uniformly upon 
heating and cooling respectively, over certain restricted temperature 
ranges. With the exception of steels which are entirely austenitic 
and steel made entirely ferritic by its alloying elements, this analogy 
fails to hold true above 700 degrees Cent. (1290 degrees Fahr.) 
where one phase begins to change to another phase. When a carbon 
steel is heated, the lower critical point (Ac,) occurs slightly above 
700 degrees Cent. (1290 degrees Fahr.) where austenite begins its 
formation, the iron carbide goes into solution in the gamma iron, 
and the dilatometer at this point registers a cessation of the expan- 
sion followed by a spontaneous contraction of the specimen that 
continues until the last trace of alpha iron has been transformed over 
to gamma iron to form the upper (Ac,) critical point. At this point, 
with all the carbide in solid solution, and all the alpha iron trans- 
formed to gamma iron, uniform expansion again is resumed and 
continues on within the range of the dilatometer. Upon cooling, the 
reverse reaction takes place beginning with uniform contraction until 
we reach the Ar, critical point, where instantaneous expansion starts 
with the alpha iron forming from the austenite. This sudden dilation 
continues until the Ar, point is completed. Here all the iron carbide 
is precipitated from solid solution and normal contraction is resumed 
down to room temperatures. These contractions and expansions are 
the result of phase changes in steel and are explained by the fact 
that gamma iron, being of the close-packed face-centered crystal 
structure, is naturally denser than the body-centered alpha iron which 
has a lower specific gravity. This being the case, when there is a 
change from gamma iron to alpha iron, there is an increase in volume 
of steel and thus an increase in the length of the specimen transmitted 
to and recorded by the dilatometer in terms of linear expansion, mils 
per inch. 


APPARATUS 


A dilatometer is an instrument used for the thermal analysis o! 
materials, measuring their coefficients of expansion and indicating 
phase changes, if any, all as a function of temperature. The dila- 
tometer is superior to other methods of measuring the phase changes 
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or determining the critical points in steels because it is possible not 
only to record the temperature, but also the magnitude and rapidity 
at which these changes take place. The amount of dilation a steel 
has, and the temperature at which this occurs when it cools through 
its critical point, is of utmost importance because of the possibility 
of creating undue internal stresses, especially in large masses of steel 
or where large sections join smaller sections. 

The thermal analyses on all the steels investigated were made 
with an automatically recording Leitz dilatometer. This dilatometer 
works on the principle of differential measurements between the 
unknown sample and a standard body of known expansion, viz., 
chronin. The two specimens, % inch diameter by 2 inches long, 
rest side by side on quartz tubes closed at one end. They transmit 
their length changes through quartz rods to a plate, thence to a 
prism supported at three points, two of which are movable and one 
fixed. This movable prism guides a luminous point of light, from a 
low voltage lamp, onto a light sensitive film where the point describes 
a curve. Such a curve.is then superimposed onto a graduated film, 
giving direct reading mils per inch expansion as the ordinate, when 
plotted against temperature in degrees Cent. as the abscissa. In 
conjunction with the Leitz dilatometer a Bristol; pyrometer con- 
troller was used which made it possible to control the rate of cooling 
and heating from 135 degrees Cent. per hour down to as slow as 
3 degrees Cent. per hour. 

Except when the specimens are air-cooled or quenched from 
above their critical points all furnace operations are carried out in a 
vacuum, insuring against scaling or oxidation of the samples. This 
vacuum head is water jacketed. The furnace for heating the speci- 
mens rides on a carriage, which allows withdrawals for measuring 
dilations when the sample is either normalized or quenched. It is 


possible to operate the furnace up to 1100 degrees Cent. (2010 de- 
grees Fahr.). 


MeETHODs OF INVESTIGATION 


The steels used for this investigation were received in an an- 
nealed condition. They were machined to size, % inch in diameter 
by 2 inches long, then placed in the quartz holder alongside the 
standard chronin specimen. After tightening the quartz rod con- 
tacts and connecting the thermocouple, the vacuum head was sealed 
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and the specimens were brought up to a temperature of 900 to 1000 
degrees Cent. (1650 to 1830 degrees Fahr.) in % hour. After hold- 
ing 1 hour at this temperature for equalizing, the cooling was started. 
Since the normal cooling rate of the furnace was some 400 degrees 
Cent. (750 degrees Fahr.) per hour, it was necessary to reduce this 
rate by controlled cooling. 

Except in specific instances, the sample was cooled at a rate of 
135 degrees Cent. (275 degrees Fahr.) per hour to well below the 
Ar, critical point. The resultant curve is a complete record of the 
linear expansion and contraction of the steel over the entire tempera- 
ture range. 


PROCEDURE AND DISCUSSION 


The following curves represent typical examples taken from a 
group of some 700 dilatometer tests made over a period of about 
4 years. In this composite an attempt has been made to show the 
influence of the various elements alone and in combination with each 
other on the critical points of steel. In such a comparison the heat- 
ing and cooling rates of the steel have necessarily been kept constant. 
The cooling rate which is the most important factor has been con- 
trolled at 135 degrees Cent. (275 degrees Fahr.) per hour, except in 
special instances, and in that case the change in rate has been shown 
on the graph by a broken line. Arrows on the curves differentiate 
between the heating and cooling cycles. Theoretically, the two curves 
should coincide when the heating and cooling rates are infinitely slow. 

In each case the critical points of the alloy steels have been com- 
pared with those of a plain carbon steel of a similar carbon content. 


PLAIN CARBON STEELS 


The curves for plain carbon steels are shown in Figs. 1 to 3 in- 
clusive. The first curve, Fig. 1, represents a very low carbon steel, 
Armco iron. The carbon is low enough so that under the conditions 
of this test all the dilatometric reactions occur at the upper critical 
point A, and none at the A, point. In the succeeding two curves, 
Figs. 2 and 3, the per cent of carbon is increased to 0.35 and gradates 
up to 1.10 per cent respectively. In these steels the contractions and 
expansions as recorded at the phase changes represent collectively 
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Fig. 1—Dilatometric Curve of 0.06 Fig. 2—Dilatometric Curve of 0.35 
Per Cent Carbon Steel. Per Cent Carbon Steel. 


the A, and A, points. The amount of these reactions measured in 
mils per inch is noticeably less for the steels with more than 0.06 
per cent carbon. 


Manganese Steel 


Steels normally contain about % to 1 per cent of manganese, 
and steels with over 1 per cent of this element are called manganese 
steels. Manganese may be dissolved in the ferrite or it may form a 
carbide. Its favorite role is the former, and it is the weakest of all 
the carbide forming elements. It lowers the Ac, slightly, and with 
1 per cent of manganese the eutectoid composition recedes to 0.77 
per cent carbon. No gamma loop is formed by manganese and iron. 
With regard to the effect of increased manganese, in Table I it is 
shown that 1.41 per cent depresses the Ar, while in Fig. 4, 3 per 
cent drops the point 165 degrees Cent. from that for a plain carbon 
steel at the: same cooling rate. 


Nickel Steels 


Nickel never forms a carbide and instead is soluble in all propor- 
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Fig. 3—Dilatometric Curve of 1:10 Fig. 4—Dilatometric Curve of 3.0 
Per Cent Carbon Steel. Per Cent Manganese Steel. 


tions in both gamma and alpha iron. It depresses both the Ac, and the 
Ar, critical points. A most common nickel steel, having an analysis 
of 3.5 per cent nickel, is shown in Fig. 5 where the Ar, point is de- 
pressed 180 degrees Cent. in comparison with a plain carbon steel. 
With such a percentage of nickel, the eutectoid composition is 0.75 
per cent carbon. The dashed or broken line shows the slight influ- 
ence of reducing the cooling rate to 20 degrees Cent. per hour; the 
Ar, is raised 30 degrees Cent. 


Silicon Steels 


Silicon is strictly a ferrite former. This element has a decided 
effect on the critical points, raising both the Ac and Ar points. It 
forms a gamma loop so that alloys of extremely low carbon and with 
over 2.25 per cent of silicon in the steel are not heat-treatable, being 
entirely ferritic over the entire temperature range. This is exhibited 
in Fig. 6 which shows no phase change. With 2 per cent silicon the 
eutectoid composition falls to 0.75 per cent carbon. All steels con- 
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Fig. 5—Dilatometric Curve of 3.5 Fig. 6—Dilatometric Curve of 4.25 
Per Cent Nickel Steel. Per Cent Silicon Steel. 


tain silicon, but if this is below 1 per cent its effect is considered 
negligible. 


Vanadium Steels 


Vanadium, generally speaking, forms a carbide except in ex- 
treme instances where it is slightly soluble in the ferrite. Most 
vanadium steels are very low in the percentage of this element. Con- 
sequently, they are all well within the gamma loop. This loop ex- 
tends out to about 2 per cent vanadium, depending on the carbon 
content of the steel. As shown by Table I the small percentages of 
vanadium commonly used in steels have negligible effects on the 
critical points. 


Molybdenum Steels 


Molybdenum has strong carbide-forming tendencies, but when 
the carbon is low, molybdenum may be dissolved in the ferrite and 
strengthen it. It forms a gamma loop with the iron and in the 
absence of carbon does not extend beyond 5 per cent molybdenum, 
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Table I 
The Occurrence of Critical Points in Steels 


Their Magnitude, Temperature and Comparison with Plain Carbon Steel of Similar 
Carbon Content 





Ace Critical Point ———_______. 
7——-Com parison +—_. 


Curve Temp. Contraction Contraction 
No. Type Steel °< Mils/In. Ac, (°C.) (Mils.) 
1 C (0.06) 840-870 2.40 ose ns Ma mae. 
C (0.15) 740-860 1.30 daa, ne eee aes 
C (0.25) 740-850 1.20 eee Re Fe ea 
2 C (0.35) 740-840 Mia's Fp: ) hee a ce ee 
C (0.55) 740-775 © jee eee ee 
C (0.71) 740-765 Bae! '; °°. i aheeea we) 
3 C (1.10) 740-760 BRE eter 9 Segnaiey ign nae ae 
Mn 740-830 1.00 nil —0.30 
4 Mn 735-830 2.20 nil +1.0 
: fy 700-755 2.00 —40 +0.70 
ee eeee oeee tb -.> 7 eee 
V 730-775 1.40 nil nil 
7 Mo 790-880 1.45 +50 +0.25 
8 Si-Cr 820-860 0.30 +80 --0.90 
Si-Mo-V 780-820 0.50 - 40 —0.70 
9 Si-Cr-Mo 845-880 0.90 +40 —1,00 
10 Cr-Mo 830-880 2.20 nil nil 
11 Cr-Mo 770-810 2.00 +30 +0.90 
12 Cr-Mo 750-835 1.20 nil nil 
13 Cr-Mo-V 775-790 1.50 +35 nil 
14 Cr-Mo-V 885-920 0.30 +145 —0.9 
15 Cr-Mo-W 780-820 1.50 +40 nil 
Cr-W-V 790-850 1.30 +50 nil 
16 Mn-Mo 745-840 1.00 nil iit 
17 Mn-Mo 750-840 1.35 nil nil 
Ni-V 700-760 2.20 — 40 +1.10 
18 Ni-Mo-V 710-765 2.00 —W +0.90 
19 Ni-Mo 715-760 2.20 —20 +1.10 
Ni-Mo 750-850 1.50 nil nil 
20 Ni-Cr 715-770 2.30 —25 +1.00 
21 Ni-Cr 710-760 2.30 —wH +1.20 
22 Ni-Cr-Mo 730-765 1.60 nil nil 
23 Ni-Cr-Mo 740-815 2.50 nil +1.20 
24 Ni-Cr-Mo 740-785 2.10 nil +0.90 
Low C + High Cr 
28 Plain 810-860 2.20 +70 +0.90 
29 Mo 830-870 0.60 +65 —1,10 
30 Mo 840-875 0.50 nil —1.9 
31 Al 890-900 a +130 —1.50 
32 RE ee oe ie okee, cee ees 
W 865-900 = +25 —2.40 
Ni-W 850-875 0.20 +110 —0.9 
Ni-W 790-840 0.20 nil —1.70 
33 Ni-Mo 680-750 0.60 —80 —1.00 





*Split Transformation. 


at which point the steel becomes entirely ferritic. Molybdenum 
raises the Ac and the Ar points, except in the higher carbon steels, 
where Ar may be forced down at the standard cooling rate. In this 
series only the steel with the highest molybdenum content is shown 
since the same influences were noted on steels with low percentages 
of molybdenum, Fig. 7. 
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Table I—Continued 





—a——————Arr Critical Point ——____—_—_, 

-———Com parison +——_, 

Temp. Expansion Expansion 

Type Steel "Se. Mils./In. Ars (°C.) (Mils.) 

C (0.06) 845-805 eae 

C (0.15) 810-740 

C (0.25) 790-700 

C (0.35) 765-660 

C (0.55) 700-660 

C (0.71) 690-660 

C (1.10) 695-675 

750-680 

600-475 

620-550 


3332 


SO bert r* e 


540-430 
630-570 
495-400 
Ni-Mo 515-400 
Ni-Mo 615-525 
Ni-Cr 600-* 
Ni-Cr 300-140 
Ni-Cr-Mo 640-630 
Ni-Cr-Mo 710-* 
Ni-Cr-Mo 490-390 
Low C + High Cr 
770-715 
370-330 
750-* 
810-875 
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350-330 
355-330 
Ni-W 360-240 
Ni-Mo 
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*Split Transformation. 











CoMPLEX STEELS (SILIcon Base) 


Figs. 8 and 9, as well as Table I, illustrate the effects of higher 
silicon in the presence of either chromium or molybdenum or both. 
In all cases the influence of the silicon is noticeable either in raising 
both critical points or in retaining them at their present temperature 
levels for the standard cooling rate, 135 degrees Cent. per hour. 
In Figs. 8 and 9 are reproduced the curves for air cooling from 
above the critical points. These are respectively represented by the 
broken lines. The former is a silicon-low chromium steel and is not 
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in the air hardening class of the silicon-chromium-molybdenum steel, 
shown in Fig. 9, where the Ar, point has been depressed some 465 
degrees Cent. (870 degrees Fahr.) as compared with 100 degrees 
Cent. (210 degrees Fahr.) for the former steel, Fig. 8. Even with 
0.10 per cent of carbon in the latter steel, an air cooling treatment 
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Fig. 7—Dilatometric Curve of 4.38 Fig. 8—Dilatometric Curve of 2.25 
Per Cent Molybdenum Steel. Per Coe ‘aes 1.50 Per Cent Chro- 
mium Stee 


retains a hardness of over 200 Brinell. This is an important factor 
in the weldability of many steels subject to air hardening from the 
fusion temperature. Not only from this standpoint of hardness, but 
also from a consideration of the large dilation (over two mils per 
inch) obtained upon air cooling from above the critical points and 
occurring at a temperature of 400 degrees Cent. (750 degrees Fahtr.), 
well below the plastic range of the steel, can the dangers involved be 
realized. These factors often account for the development of ex- 
cessive high stresses and cracks. 

The dilatometer has pointed the way towards a solution of these 
difficulties. This is explained diagrammatically on the same graph, 
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Fig. 9, by the longer broken line of the cooling curves. In this case 
the specimen was heated to 950 degrees Cent. (1740 degrees Fahr.), 
held 1 hour, air cooled to 760 degrees Cent. (1400 degrees Fahr.) in 
30 seconds, held 20 minutes for complete dilation, and air cooled to 
room temperature. The resulting hardness is the same as for a fully 


Temp. 
Ac 850-880 
Ar 820-750 


Linear Expansion, Mils/In. 


0 


Fig. 9—Dilatometric Curve of 1.55 Fig. 10—Dilatometric Curve of 5.33 
Per Cent Silicon, 4.83 Per Cent Chro- Per Cent Chromium, 0.57 Per Cent 
mium, 0.51 Per Cent Molybdenum Steel. Molybdenum Steel. 


annealed piece of the same steel. In one case it has required hours 
to complete the cooling operation and in the other a matter of min- 
utes. While the same holding temperature will not. work satisfac- 
torily for all steels, this ideal temperature can be readily determined 
by a few dilatometer tests. 


Complex STEELS (CHRoMIUM-MoLyYBDENUM Base) 


In Fig. 10 is presented a plain, very low carbon chromium- 
molybdenum steel in which the combination of these two alloys has 
io apparent effect on the critical points. In comparison, the next 
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two steels, Figs. 11 and 12, which have higher carbon and lower 
chromium and molybdenum contents, note in the first instance the A; 
points are not depressed, while in the second an increase of 21 points 
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Fig. 11—Dilatometric Curve of 0.96 Fig.. 12—Dilatometric Curve of 0.69 
Per Cent Chromium, 0.20 Per Cent Per Cent Chromium, 0.41 Per Cent 
Molybdenum Steel. Molybdenum Steel. 


of molybdenum results in a split transformation. From this analogy, 
it appears that when the carbon is over 0.20 per cent, the molyb- 
denum over 0.40 per cent, and both in the presence of even small 
amounts of chromium, a depressed or split transformation will result 
from cooling rates of 135 degrees Cent. per hour or faster. 

In Figs. 13 and 14 we have two chromium-molybdenum steels 
with vanadium. A comparison of Figs. 13 to 12, shows two steels 
of almost identical composition except for the vanadium, and reveals 
that at a cooling rate of 135 degrees Cent. per hour vanadium has 4 
tendency to retain the Ar critical points at elevated temperatures. 
Comparing Fig. 14, showing a split transformation, with Fig. 15, 
where the entire transformation is depressed to 310 degrees Cent. 
(590 degrees Fahr.) for a steel in the latter instance with tungsten 
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substituted for all the vanadium, it is assumed that vanadium has 
lent beneficial assistance, while the tungsten influence has been either 
slightly the reverse or more probably negligible. 
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COMPLEX STEELS (CHROMIUM-TUNGSTEN-VANADIUM AND 
MANGANESE-MOLYBDENUM ) 


In comparing the chromium-tungsten-vanadium steel of Table I 
with the only other tungsten steel, Fig. 15, included in this series, it 
is concluded that in the absence of molybdenum, this higher tungsten 
with the lower chromium, plus some vanadium, gives a high Ar, 
critical point at 760 degrees Cent. (1400 degrees Fahr.) for this 
standard cooling rate. This probably is a result of two things; 
namely the absence of molybdenum and the presence of vanadium. 

In Figs. 16 and 17 are presented two manganese-molybdenum 
steels, almost identical except for 0.77 per cént of molybdenum. In 
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Temp. 
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Fig. 15—Dilatometric Curve of 4.72 Fig. 16—Dilatometric Curve of 1.26 
Per Cent Chromium, 1.65 Per Cent Per Cent Manganese, 0.41 Per Cent 
a 0.93 Per Cent Tungsten Molybdenum Steel. 
teel. 


the former the influence of the low molybdenum and manganese is 
negligible on the Ar, critical point. However, a slight change in the 
slope of the cooling curve at 550 to 450 degrees Cent. (1020 to 840 
degrees Fahr.) occurs, indicating that the last traces of austenite are 
transforming and that the Ar, critical point is just being completed. 
This lower transformation temperature coincides with the occurrence 
of the entire dilation in the next curve, Fig. 17. This shows that an 
addition of 0.77 per cent of molybdenum to a manganese steel has 
dropped the start of the Ar, point from 750 to 540 degrees Cent. 
(1380 to 1005 degrees Fahr.), a matter of 210 degrees Cent. (410 
degrees Fahr.). 


ComMPLex STEELS (NICKEL BASE) 


Nickel steels with small percentages of vanadium react the same 
as straight nickel steels as shown by Table I. This picture is entirely 
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changed by the addition of molybdenum to a nickel-vanadium steel, 
Fig. 18, or to a nickel steel as in Fig. 19. 

In the first case the presence of molybdenum has depressed the 
Ar, point 135 degrees Cent. below the Ar, for the nickel-vanadium 
in Table I, and in Fig. 19 the same critical point occurs 105 degrees 
Cent. below that for the plain nickel steel in Fig. 5. In each in- 
stance the presence of 0.39 per cent molybdenum has forced the 
critical point down over 100 degrees Cent. at this standard rate of 
cooling. 

In Figs. 20 and 21 are shown two nickel-chromium steels. In 
both cases the Ar, point has been depressed; in the first instance, it 
is followed by a split transformation and in the second by a single 
dilatometric reaction beginning at 300 degrees Cent. (570 degrees 
Fahr.). The latter steel is higher in carbon and chromium. 
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Fig. 19—Dilatometric Curve of 2.87 Fig. 20—Dilatometric Curve of 3.44 
Per Cent Nickel, 0.39 Per Cent Molyb- Per Cent Nickel, 0.64 Per Cent Chro- 
denum Steel. mium Steel. 


Nickel-Chromium-M olybdenum Steels 


These steels have a separate listing because of additional tests. 
Figs. 22, 23 and 24 all represent nickel-chromium-molybdenum steels 
with slight variations in percentages of all these alloying elements, 
including carbon. The first steel is lower in all these elements except 
carbon, and it exhibits no important effect on any of the transforma- 
tions. In the next steel, Fig. 23, which is lower in carbon but higher 
in nickel and molybdenum, a split transformation is produced, the 
lower one of slight magnitude. 

Next in consideration is a steel with the carbon and chromium 
content up slightly, Fig. 24. In this steel the entire dilation occurs 
at a low temperature, in fact it begins where the lower transforma- 
tion of the previously examined steel started; just under 500 degrees 
Cent. (930 degrees Fahr.). In comparing the sluggishness of this 
steel with some other alloy steels, it is well to refer back to Fig. 13 
a steel with higher carbon, about the same chromium and molyb- 
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Tema. C Mils/in 
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Fig. 21—Dilatometric Curve of 3.30 Fig. 22—Dilatometric Curve of 1.40 
Per Cent Nickel, 1.50 Per Cent Chro- Per Cent Nickel, 0.75 Per Cent Chro- 
mium Steel. mium, 0.22 Per Cent Molybdenum Steel. 





denum content, but without any nickel. It is interesting to note that 
an air cool on this chromium-nickel steel is the equivalent of a fur- 
nace cool at 135 degrees Cent. per hour on the nickel-chromium- 
molybdenum steel. In the first instance the cooling has taken a 
matter of minutes against a matter of hours for the latter steel. 

This is an important consideration in annealing alloy steels since 
an anneal at a prescribed furnace cooling rate on one steel might 
soften it, while the same anneal on a more sluggish steel would result 
in only a slight softening effect, the equivalent to a normalizing treat- 
ment on the first steel. To get the same hardness in the sluggish 
steels, one would have to resort to very slow rates of furnace cooling 
in the annealing operation. This is exactly what was done on this 
uickel-chromium-molybdenum steel by reducing the cooling rate to 
) degrees Cent. per hour. By so doing, we are able to obtain a full 
anneal and raise the Ar, point from 490 degrees Cent. (915 degrees 
Fahr.) for the 135 degrees Cent. per hour rate to 675 degrees Cent. 
(1250 degrees Fahr.). This curve is not reproduced here. 
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Fig. 23—Dilatometric Curve of 2.20 Fig. 24—Dilatometric Curve of 1.97 
Per Cent Nickel, 0. Per Cent Chro- Per Cent Nickel, 0.86 Per Cent Chro- 
mium, 0.39 Per Cent Molybdenum Steel. mium, 0.35 Per Cent Molybdenum Steel. 


As one can readily detect, this would be an impractical heat 
treatment, requiring 80 hours to cool from 900 degrees Cent. (1650 
degrees Fahr.) down to 500 degrees Cent. (930 degrees Fahr.). A 
method to achieve the same end in a shorter, more practical length 
of time was found through dilatometric investigation. 

Fig. 25 shows the resultant curve for a,20 degrees Cent. per 
hour cooling rate, resulting in a split transformation, the Ar, begin- 
ning at 675 degrees Cent. (1250 degrees Fahr.) and ending at 635 
degrees Cent. (1175 degrees Fahr.). This latter temperature is of 
great importance and it represents the crest of first curve developed 
on cooling at this rate, or the temperature at which the first dilation 
ceases in a split transformation. Not only on this steel, but also on 
all other sluggish steels whose transformation was depressed by the 
135 degrees Cent. per hour cooling rate, it was found that 20 degrees 
Cent. per hour cooling rate from above the critical points resulted in 
a split transformation. From the resulting curve the temperature 
at which the first dilation ceases could be readily determined. It was 
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Fig. 25—Dilatometric Curve of 1.97 Fig. 26—Dilatometric Curve of 1.97 


Per Cent Nickel, 0.86 Per Cent Chro- Per Cent Nickel, 0,86 Per Cent Chro- 
mium, 0.35 Per Cent Molybdenum Steel. mium, 0.35 Per Cent Molybdenum Steel. 


then discovered that if the steel has heated above its critical points, 
cooled either slowly or rapidly to this predetermined temperature, 
that complete transformation would result after holding there in a 
very few hours. This type of heat treatment is shown in Fig. 26 
for this particular nickel-chromium-molybdenum steel. After hold- 
ing at 900 degrees Cent. (1650 degrees Fahr.) for 1 hour the 
specimen was rapidly cooled to 635 degrees Cent. (1175 degrees 
Fahr.), held 18 hours and then air-cooled to room temperature. It 
was found later by experiment that complete dilation or transforma- 
tion occurred at 635 degrees Cent. (1175 degrees Fahr.) after hold- 
ing there for less than 7 hours. The exactness at which this tem- 
perature must be chosen is proved by the next curve, Fig. 27. Ex- 
cept for the holding temperature of 650 degrees Cent. (1200 degrees 
Fahr.), the heat treatments were identical. It is to be noted that 
even after holding for a longer duration, 20 hours, at this tempera- 
ture dilation is far from complete, 1.5 mils expansion against 2.4 
mils per inch in the preceding test, and a split transformation results. 
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Later tests have shown that in similar heat treatments, except for a 
change in the holding temperatures to either 700 or 575 degrees Cent. 
(1290 or 1070 degrees Fahr.), no expansion occurred in either case 
after 20 hours at temperature. Microscopic checks on the specimens 
showed no ferrite was present and therefore the Ar, transformation 
had not started at either of these two temperatures after long lengths 
of time. At any temperature between these two extremes, 575 and 
700 degrees Cent. (1070 and 1290 degrees Fahr.), some transforma- 
tion was measurable after holding 20 hours, but only at the ideal 
temperature of 635 degrees Cent. (1175 degrees Fahr.) was the 
dilation completed in this interval of time. 

Similar types of heat treatments have become essential and 
adaptable to large masses of alloy steel and in such instances offer a 
fool proof method of eliminating the danger of developing thermal 
cracks. When a large mass of alloy steel is furnace or air-cooled 
from above its critical range, the entire mass of course contracts on 
cooling until it reaches the Ar, critical point where a spontaneous 
expansion begins. In many instances, especially true with sluggish 
steels, this sudden expansion at a phase change occurs well below 
the plastic range of the steel. If the mass is large, there is a tem- 
perature gradient from the surface to the core in which case, upon 
cooling through the transformation, the metal at and near the surface 
begins a spontaneous expansion while the metal near the center is 
still contracting. These two opposing forces set up tensile stresses 
sufficient to cause thermal cracking when the steel is below the 
plastic range. Most of the cracks occur midway between the skin 
and the core of the mass. Then, when the transformation is com- 
pleted at the surface, dilation stops and contraction again sets in 
just as the center begins its phase change and expansion starts. This 
causes compressive stresses. Now using the dilatometer as a guide 
it is possible to develop a heat treatment for any steel where at a 
temperature, higher by 150 to 200 degrees Cent. than the normal 
beginning of the Ac, point and well within the plastic range, it be- 
comes practical to delay the cooling, thus causing all or part of the 
transformation to take place. The amount of expansion or trans- 
formation allowed at this higher temperature is a function of the 
desired physical properties. The time at temperature varies directly 
with the amount of dilation, and these two vary indirectly with the 
resulting hardness and tensile strength of the alloy steel. 
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May it be recalled again in Fig. 9 a similar heat treating prin- 
ciple was applied, not to a steel sluggish at the standard cooling 
rate, but to one having air hardening tendencies. These were en- 
tirely overcome by an identical heat treatment except for the holding 
temperature, and the time at temperature—20 minutes. In many 
instances it is advisable to allow only enough expansion at this high 
temperature to eliminate the danger of thermal cracking and at the 
same time maintain the desired physical properties. 

It is of interest to include here tests showing the influence of 
changes in the heating rate on the Ac critical points. In contrast to 
the effect of changes in the cooling rate on the Ar critical points, 
variations in the heating rate have a negligible effect on all Ac critical 
points. Two specimens from the same heat of nickel-chromium- 
molybdenum steel, as was used for Fig. 24, were tested. One was 
heated to 950 degrees Cent. (1740 degrees Fahr.) in 15 minutes, 
and the other was brought up to temperature (950 degrees Cent.) 
at 20 degrees Cent. an hour. The Ac, critical point in the former 
occurred at 740 degrees Cent. (1365 degrees Fahr.) and in the latter 
at 695 degrees Cent. (1285 degrees Fahr.), a difference of only 45 
degrees Cent. Similar tests were conducted on less sluggish steels, 
and in every case this variation never exceeded 45 degrees Cent. 


It is possible that these results would not be indicative for large 
masses of steel. 


Low Carbon-High Chromium Steels 


These steels have a chromium base of approximately 13 per cent 
chromium and are very low in carbon. Chromium is primarily a 
carbide former, but when all the carbide is satisfied the remaining 
chromium forms a solid solution in the alpha iron and so gives added 
strength to the ferrite. The eutectoid percentage of carbon is dras- 
tically influenced by the chromium present; at 2 per cent chromium 
it forms with 0.65 per cent carbon, and with 12 per cent chromium 
the eutectoid forms with 0.30 per cent carbon. The equilibrium 
diagram for iron and chromium shows a garmma loop and this is of 
special significance in low carbon-high chromium steels where the 
composition is such that slight variations in the carbon, chromium 
or other alloying elements may cause the steel to be entirely ferritic 
at all temperatures below the freezing point, and therefore nonheat- 
treatable. Such a steel falls outside this closed gamma loop. Of all 
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the common alloying elements carbon has the greatest influence, so 
that small amounts enlarge the loop so much that it takes a higher 
percentage of chromium to close the loop or make the steel entirely 
ferritic. With no carbon the loop extends out to about 12 per cent 
chromium while with 0.25 per cent carbon added it extends out to 
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Fig. 27—Dilatometric Curve of 1.97 Fig. 28—Dilatometric Curve of 
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mium, 0.35 Per Cent Molybdenum Steel. Cent Nickel Steel. 


24 per cent chromium. Manganese, nickel and cobalt react in the 
same manner as carbon but to a lesser degree. Titanium, vanadium, 
silicon, molybdenum, aluminum, tungsten and columbium have the 
opposite effect and reduce the amount of chromium present to make 
the steel entirely ferritic, otherwise reducing the size or extent of 
the gamma loop. The ratio each of these elements has with respect 
to chromium in extending or reducing the gamma loop is called that 
element’s chromium equivalent. With the latter group of elements 
this ratio is a positive figure because their influence is the same 4s 
chromium, while, with the former group, it becomes a neg rative 
figure since these ‘elements work to the opposite end. All this is 
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important in a dilatometric investigation of high chromium steels to 
understand just why some react very slightly when they go through 
a phase change while others react rather violently. 

In the first curve, Fig. 28, for this series is shown a plain low 
carbon high-chromium steel with a negligible amount of nickel. 
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Fig. 29—Dilatometric Curve of 12.19 Fig. 30—Dilatometric Curve of 12.46 
Per Cent Chromium, 0.58 Per Cent Per Cent Chromium, 1.00 Per Cent 
Molybdenum Steel. Molybdenum Steel. 


Steels of this composition exhibit a strong dilatometric reaction, the 
expansion and contraction both exceeding two mils per inch. The 
Ar, point occurs at a high temperature, beginning at 770 degrees 
Cent. (1420 degrees Fahr.). The next two curves, Figs. 29 and 30, 
show the influence of molybdenum in depressing the transformations 
on cooling. Fig. 30 shows a steel higher in molybdenum and lower 
in carbon which produces a small contraction on heating and a still 
smaller but split transformation on cooling at the standard rate. 
Comparing this last test with the two previous curves, it is correct 
to assume from the calculation of the chromium equivalent as well as 
the dilatometric reaction that we are approaching the edge of the 
gamma loop, or the ferritic state. From this same curve it is well 
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to note the influence of air cooling from 1000 degrees Cent. (1830 
degrees Fahr.); namely, a very large expansion occurring at the 
low temperature of 350 degrees Cent. (660 degrees Fahr.). This 
sort of reaction represents what may be expected when welding 
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Fig. 31—Dilatometric Curve of 13.5 Fig. 32—Dilatometric Curve of 13. 
Per Cent Chromium, 0.25 Per Cent Per Cent Chromium, 0.25 Per Cent 
Aluminum Steel. Titanium Steel. 


such a steel and air cooling it from the fusion temperature. Such 
welding technique with neither a preheat nor a bench anneal would, 
no doubt, result in serious cracking or massive grain growth or both. 

Next in order and starting with Fig. 31 is a high chromium 
steel with 0.25 per cent aluminum followed by Fig. 32, a similar 
steel with 0.25 per cent of titanium which is outside the gamma loop 
and therefore entirely ferritic, resulting in the complete absence 0! 
any phase changes. Small amounts of either titanium or aluminum 
are very effective in reducing the air hardening characteristics of low 
carbon-high chromium alloys. 

Listed in Table I is a tungsten-high chromium steel followed 
by two nickel-tungsten-chromium steels, and ending with Fig. 5 
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which shows a large dilation at a very low temperature for this rate 
of cooling. 

With all these low carbon-high chromium steels it was found 
that where the calculated chromium equivalent was low the result 
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Fig. 33—Dilatometric Curve of 12.04 
Per Cent Chromium, 3.94 Per Cent 
Nickel, 2.51 Per Cent Molybdenum 


was a large dilation in mils per inch, and this reaction did not neces- 
sarily always occur at a low temperature; compare Fig. 28, a plain 
high chromium steel, with Fig. 33, a complex steel containing in addi- 
tion large amounts of nickel and molybdenum. On the other hand, 
where the chromium equivalent figures high, the steel in equilibrium 
approaches the outside of the gamma loop and the dilatometric reac- 
tions are very weak. The presence of nickel and molybdenum has a 
very strong depressing effect on high chromium steels just as they 
do in plain carbon steels. 

lt is noteworthy to report the effect of sulphur on this class of 
steels. A comparison of two high chromium-low molybdenum steels, 
one with 0.3 per cent sulphur and the second with 0.016 per cent, 
revealed that the high sulphur was effective in raising the Ar, critical 
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point to the extent of 350 degrees Cent. This was rechecked op 
more than one set of samples. None of the results is included here 


SUMMARY AND CONCLUSIONS 


The foregoing data justify the following conclusions based op 
furnace cooling rates of 135 degrees Cent. per hour. All compari- 
sons are made with respect to plain carbon steels. 

1. Manganese, when above 1 per cent and either alone or in 
conjunction with other elements such as molybdenum, depresses the 
Ar, point. In plain manganese steels, 3 per cent will depress this 
critical point as much as 165 degrees Cent. (330 degrees Fahr.), 
while it takes only a little over 1 per cent of manganese in the 
presence of the same amount of molybdenum to drop the Ar, as 
much as 250 degrees Cent. (480 degrees Fahr.). 

2. Silicon alone or in the presence of any other element or 
group of elements tends to raise both the Ac and Ar points. 

3. Vanadium is used in such small amounts in alloy steels that 
its effect on dilatometric reactions is negligible. Slight increases in 
the amount present tend to raise both critical points. 

4. Tungsten is much like vanadium except it is used in larger 
amounts and when used in the presence of other elements the reac- 
tion of the steel to its phase changes is guided more by the associated 
elements than any influence from the tungsten. 

5. Chromium alone always has the tendency to raise both 
critical points, but in the absence of more than normal silicon and 
the presence of over 1 per cent of either nickel or molybdenum, the 
Ar, point will be depressed from a few degrees to as much as 300 
degrees Cent. (570 degrees Fahr.) when both are present. 

6. Molybdenum seems to play a dual role in the field of steel 
metallurgy. In all simple molybdenum steels the critical points occur 
at slightly higher temperatures than those of plain carbon steels. 
When used in any amount with nickel, or with over 1 per cent o! 
manganese or chromium, the Ar, point is depressed drastically for 
the nickel-molybdenum steels, and to a lesser degree for manganese 
molybdenum and chromium-molybdenum steels. In the case of high 
chromium steels it requires a much smaller percentage of molyb- 
denum to be influential. 

7. When alone, nickel depresses both critical points; the Ar, 
to the extent of 180 degrees Cent. (355 degrees Fahr.) for 3 pet 
cent nickel. In‘ combination with any element, except silicon, o 
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with any group of elements, nickel has a strong depressing effect on 
the Ar, point, sometimes as much as 465 degrees Cent. (870 degrees 
Fahr. ). 

8. In the case of simple or complex high chromium steels, the 
amount of the dilatometric reaction shown at the phase changes, and 
the temperature at which they occur, is dependent entirely upon the 
alloying elements present and their effect upon the gamma loop. 
When the chromium equivalent is low, one can usually expect a 
strong dilation, and this generally at a low temperature. 

9. The dilatometer affords a very effective method of measur- 
ing the air hardening characteristic of any steel as to its degree and 
as to the changes in heat treatment necessary to overcome undesirable 
effects caused on many steels by air cooling from high temperatures. 

10. In the heat treatment of alloy steels the cooling rate is the 
more sensitive side for consideration. Even the most sluggish steels 
can be made to transform at high temperatures if the cooling rate 
is retarded enough. This is impractical and the method of direct 
transformation is substituted wherever possible to achieve the same 
result in a much shorter time. All annealing heat treatments should 
be qualified by their furnace cooling rates in degrees temperature 
per hour since an ordinary anneal on one steel might be;satisfactory, 
while the same heat treatment on a more sluggish steel would leave 
it in a partially hardened state. At commercial furnace cooling rates 
some steels are furnace hardening just as a more common class of 
steels are air hardening when air-cooled from above their critical 
points. 

11. The direct transformation heat treatment, as dictated by 
the dilatometer, is an effective method of eliminating thermal cracks 
in large masses of alloy steel. It also serves in eliminating excessive 
stresses set up by air cooling from welding operations. 

12. The dilatometric reactions recorded on these small speci- 
mens agree very closely with the reactions occurring in very large 
masses of steels when their cooling rates are kept identical. The dila- 
tometer has proved its practicability and usefulness to the industry. 

13. Little has been said of the effect of carbon with regard to 
the Ar, point. Generally speaking, if the carbon is low there is a 
tendency towards transformation at a high temperature regardless 
of composition. A similar steel but of higher carbon content often 
reacts sluggishly for the same cooling rate. 

14. The amount of dilatometric reaction at the phase changes 
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is dependent upon two things: first, the percentage of carbon when 
in the absence of loop forming elements, and, second the presence 
of sufficient amounts of these loop forming elements (silicon, vana- 
dium, molybdenum, chromium, or tungsten) alone or collectively to 
approach a composition corresponding to the outside of the gamma 
loop. This will result in a weak reaction which can be attributed to 
the close proximity of the 2-phase, alpha ++ gamma field or even 
the alpha-delta, nonheat-treatable field. In the case of carbon, the 
higher the carbon the less the reaction because the dilatometer meas- 
ures the A, and A, points collectively, and as we approach the eutec- 
toid they join to become the A,_., critical point. 

15. By the dilatometer it is possible in one test to measure the 
magnitude of the phase changes, the rate with which they take place. 
and their location with regard to temperature for any rate of heating 
and cooling. 

16. Itemized in Table I is a summary of the data from this 
investigation. From the comparisons made with respect to plain 
carbon steels it is possible to predict the influence of each alloying 
element alone or in combination with other elements. 
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DISCUSSION 


Written Discussion: By N. A. Ziegler and W. L. Meinhart, Research 
Laboratories, Crane Co., Chicago. 

Mr. Gillmor has made an important contribution to the general knowledge 
of thermal behavior of alloy steels. We were particularly interested in reading 
his paper, because in our work we also use an E. Leitz dilatometer and prac- 
tically the same technique as is described in the paper, which makes our thermal 
curves directly comparable to those of Mr. Gillmor. Since there is hardly 2 


single statement with which we disagree, our remarks are written as an attempt 


to amplify rather than to criticize the present paper. 

We have made dilatometric studies of a large number of experimental cast 
steels, prepared in a 200-pound high frequency furnace, subjected to a careful 
melting and deoxidizing technique, and cast in green sand in conventional test 
blocks. Table A is a summary of some representative compositions. On the 
basis of their thermal characteristics, they may be subdivided into three groups: 
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1. Steels which have no suppressed transformations on either slow cooling’, 
furnace cooling, or fast*, air cooling. 

. Steels which have no suppressed transformations on slow cooling’, fur- 
nace cooling, but do have them on fast’, air cooling. 

3. Steels which have suppressed transformations on both slow cooling’ and 
fast’ cooling. 


s 
Ro 
w 


Fig. A—Thermal and Structural Characteristics of a Plain Carbon 
Steel. 

Figs. A, B and C represent the thermal characteristics of these three classes, 
and in each case the typical microstructure is included in the corresponding 
figure. 

In the lower curve of Fig. A, representing the cooling rate of 3.3 degrees 
Cent. (38 degrees Fahr.) per minute, the transformation on cooling comes to 
completion at about 650 degrees Cent. (1150 degrees Fahr.). When the cooling 
rate increases to about 67 degrees Cent. (152 degrees Fahr.) per minute (Fig. 
A—upper curve), the same phase change is suppressed to about 580 degrees 
Cent. (1080 degrees Fahr.). 


As shown in Fig. B, representing the second group, the transformation on 
_. 13.3 degrees Cent. (40 degrees Fahr.) per minute or 200 degrees Cent. (390 degrees 
Fahr.) per hour. 


_. 766.6 degrees Cent. (150 degrees Fahr.) per minute or 4000 degrees Cent. (7230 degrees 
Fahr.) per hour. 
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slow cooling (lower curve) occurs in very much the same manner as it does 
for the steels in the previous group. On more accelerated cooling, however 
(upper curve—Fig. B), the transformation is spread over a wide temperature 
range and does not come to completion until the metal cools down to about 350 
degrees Cent. (660 degrees Fahr.). 

As shown in Fig. C, only a small part of the transformation in the steels 
belonging to the third group occurs in the high temperature range, even when 


oot 5 Hours 
Vv.PN.150 


Thermal Expansion, Mm. 


Structure: of Normalized 
and Drawn Steel 


Etched in Nital.x500 
Stee! No. 3322 





200 400 600 800 1000 
Temperature, °C: 


Fig. B—Thermal and Structural Characteristics of a Carbon-Molyb- 
denum Steel. 


cooling is slow. The major part of the phase change, associated with a con- 
siderable increase in dimensions, comes to completion as low as about 350 
degrees Cent. (660 degrees Fahr.). On fast cooling (upper curve—Fig. C), 
the entire transformation occurs at low temperatures and reaches completion at 
about 300 degrees Cent. (570 degrees Fahr.). 

Since steels of the first group transform at temperatures at which they are 
completely plastic, they may be heat treated merely by normalizing. In the 
second group, transformation comes to completion at temperatures when most 
of the plasticity has disappeared. Hence in their case, normalizing should be 
followed by a drawing treatment. The latter may not be absolutely necessary, 
but certainly is desirable. Finally, in the case of the third group, the major 
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part of the transformation on cooling takes place at low temperatures, which 
makes a drawing treatment, after normalizing, quite essential. 

A photomicrograph, illustrating the structure of a normalized and drawn 
steel’ for each of Figs. A, B and C, appear on page 1408 with the corresponding 
letters, thus. giving a direct comparison between their structural and thermal 
characteristics. It may be observed in Fig. A that steels free of suppressed 
transformations on either slow or air cooling have a structure of sharply 
defined “clean” pearlite imbedded in a matrix of ferrite. The structural char- 


§ 0, 
a. 
: 
bi) 
i 
~ 


Structure of Normalized 
and Drawn Steel 


Etched in Nital x00 
Steel No. 3396 


1000 


: Fig. C—Thermal and Structural Characteristics of a Chromium- 
Nickel-Molybdenum Steel. 


acteristics of a normalized and drawn steel of the second group, i.e., one char- 
acterized by a certain degree of suppressed transformation on “air” cooling 
(upper curve—Fig. B), is quite different. Instead of well-defined pearlitic 
grains, there is a mixture of pearlite and ferrite as bands arranged in the pat- 
tern of a Widmanstatten structure. It is to be noted that, although the carbon 
content of this steel (Fig. B) is lower than that shown in Fig. A, yet the 
pearlite in the former occupies a larger volume. This is because of the pre- 


“e *Photomicrographs of Figs. A, B and C represent structures of normalized and 
rawn test bars, and not of the dilatometer specimens. It should, however, be understood 


that the structures of corresponding dilatometer specimens are quite similar to those of 
the normalized and drawn test bars. 
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Figs. A, B, C—Photomicrographs Illustrating Structures of Normalized 
and Drawn Test Bars and Not of the Dilatometer Specimens of Figs. A, B 
and C Shown on Pages 1405, 1406 and 1407. 


cipitation of ferrite in the cleavage planes of the octahedral, parent-austenitic 
grains before pearlite is formed. 

Thermal analysis shows that the apparent “spreading out” of pearlite 
progresses with the greater suppression of transformation on cooling. The 
microexamination of a steel with well pronounced suppressed transformation 
(Fig. C) discloses no “pearlite grains”. Instead there is an intimate mixture 
of ferrite and carbides with an indication in some places of a Widmanstatten 
pattern. 
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Table A 
Physical Properties of Low-Alloyed Steels 
<li cedetinapeimeeneeisins-aiians Analy sis-—————_—- — ---—__,, 
Heat 
No. Si Mn S P 


3346 =: 00«.33 0.66 0.010 0.019 
3331 0.39 1.00 0.010 0.017 
3350 0.26 0.73 0.012 0.016 
3356 0.27 0.62 0.017 0.015 
3322 0.30 0.71 0.013 0.016 
3328 0.29 0.98 0.010 0.015 
3377 0.19 0.68 0.010 0.011 
3357 0.26 0.62 0.008 0.018 ‘ 
3396 0.28 0.79 0.016 0.016 0.31 ; 
$$ ————————————Physical Propertie 
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Charpy Normal- 
Impact ized 

Psi. Res. and Normal- 
< 10% Ft-Lb. Drawn* ized* 
29.8 21.0 142 154 
28.5 19.0 154 170 
26.3 23.0 142 150 
30.5 20.0 144 143 
370 335 166 187 
27.8 20.0 167 216 
30.0 16.0 194 260 
29.0 20.0 178 225 
30.0 15.0 190 309 


Tensile Yield Prop. 

Heat Strength Point Limit B.S. 

No. Psi. Psi. Psi. Psi. 

3346 69,850 38,000 28,000 99,000 
3331 81,000 44,500 40,000 125,000 
3350 70,150 38,500 38,000 113,000 
3356 72,250 37,000 35,500 124,000 
3322 76,500 50,000 48,000 130,000 
3328 77,400 53,000 49,750 120,000 
3377 91,000 59,000 57,500 136,000 
3357 84,950 54,500 58,000 131,000 
3396 © 106, , 800 74,000 70,000 152,000 


*Brinell Hardness. _ ae 
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Heat s 5 

No. Designation 

3346 Carbon, low manganese e , s 

333] Carbon, high manganese No suppressed transformations on either slow or 

3350 Nickel fast cooling 

3356 Low chromium 
Molybdenum, low manganese 
Molybdenum, high manganese 


Chromium-molybdenum Suppressed transformations on both slow and 
Nickel-molybdenum fast cooling 


Thermal Characteristics 


No suppressed transformation on slow cooling— 
suppressed transformation or fast cooling 


Nickel-chromium-molybdenum 


The relationship between thermal and structural characteristics of different 
steels is of interest because it permits of determining, by a simple metallographic 
examination of a normalized, or normalized and drawn, steel specimen, whether 
suppressed transformations occur when air or slower cooling rates are applied. 
This relationship has been observed in connection with many low-alloyed steels, 
and hence the cases presented in Figs. A, B and C are merely specific examples. 

Physical testing of quite a large variety of steels shows that there is no 
definite or sharp line of demarcation between those which have suppressed 
transformations and those which are free from them. There is, however, a 
gradual increase in the tensile strength, yield point and hardness, associated 
with a corresponding decrease in ductility in normalized and drawn steels, 
represented by the structural and thermal characteristics of Figs. A, B and C, 
as shown in Table A. The ultimate development of this process is a complete 
suppression of transformations even on very slow cooling, resulting in mar- 
tensitic structure and air hardening quality. 

Of some interest are our observations in connection with the 4 to 6 per 
cent chromium, % per cent molybdenum steel. Fig. D represents four dila- 
tometer curves obtained by cooling this steel at various rates from the austenitic 
state. Chemical analysis of this material is given in Table B. 

Curve A (Fig. D) was obtained by cooling from 1000 degrees Cent. (1850 
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degrees Fahr.) “in air”, ie., at 66.6 degrees Cent. per minute. It is apparent 
that the entire transformation is suppressed to about 250 degrees Cent. (480 
degrees Fahr.) and does not reach completion until the specimen cools down 
to about 100 degrees Cent. (210 degrees Fahr.), with the resultant hardness 0; 
about V.P.N. 530 and definite martensitic structure. With a somewhat slower 
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Fig. D—Dilatometer Curves of 4.0 to 6.0 Per Cent Chro- 
mium, 0.5 Per Cent Molybdenum Steel Obtained by Dif- 
ferent Cooling Rates. 


cooling rate, i.e., 3.3 degrees Cent. per minute, the shape of the thermal curve 
is generally the same. There is a slight discontinuity in the cooling curve ™ 
the vicinity of 700 degrees Cent. (1290 degrees Fahr.), indicating initial stages 
of the “high temperature” transformation. Nevertheless, practically all of the 
transformation is ,“suppressed” and occurs at about 400 to 200 degrees Cent. 
(750 to 390 degrees Fahr.). The resultant hardness is practically the sam 
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viz, V.P.N. 500, and the structure predominatingly martensitic, plus small 
amounts of nodular troostite, formed, no doubt, at about 700 degrees Cent 
(1290 degrees Fahr.). 


The C curve (Fig. D) was obtained ee a uniform 2.4 degrees Cent. per 


minute cooling from 1000 degrees Cent. (1830 degrees Fahr.). This time the 
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Fig. E—The Process and Results of Isothermal Transformation in a Cast 4.0 
to 6.0 Per Cent Chromium, 0.5 Per Cent Molybdenum Steel. 


cooling curve indicates a definite “split” transformation, commencing at about 
700 degrees Cent. (1290 degrees Fahr.), and coming to completion at about 
400 degrees Cent. (750 degrees Fahr.). The resultant hardness is V.P.N. 286, 
and the structure martensite, with appreciable amounts of nodular troostite. 

The D curve of Fig. D has been obtained by a uniform 1.7 degrees Cent. 
ber minute cooling from 1000 degrees Cent. In this case, the entire transforma- 
ion takes place in the vicinity of 700 degrees Cent. (1290 degrees Fahr.), 
which causes the resultant hardness to be quite low, viz., V.P.N. 179, and the 
structure predominatingly pearlitic with small amounts of free ferrite 


In view of the extreme thermal sluggishness of this steel, it was decided to 
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Table B 
Physical Properties of Regularly and Isothermally Treated 4-6 Per Cent Chromium 
—'¥, Per Cent Molybdenum Steel 


Heat —————Chemical Analysis————__, 
No. Si Mn G Cr Mo Al 


3400 0.47 0.70 0.28 5.25 0.62 0.05 


Physical Propertie 


M.E. Charpy VPN 


3.a. vue P.L. El. R.A. Psi. Impact Hard- 
Psi. Psi. Psi. % %o x10 Ft-Lb. ness 
117,000 91,000 70,000 17.0 47.5 30.0 23.0 253 
22.0 Regularly 
16.5 Heat 
24.5 Treated 
18.0 
Average 20.8 
101,700 48,200 30,000 19.4 31.0 30.0 8.0 210 
6.( 
8.0 Isothermally 
7.0 Heat 
7.0 Treated 
7.0 
Average 7.0 





subject it to a careful thermal analysis by a series of isothermal runs, at 
various temperatures, similar to those described by Mr. Gillmor. Fig. E is a 
compilation of all this work in terms of an “S-curve”. In the temperature 
range of 750 to 650 degrees Cent. (1380 to 1200 degrees Fahr.) the decom- 
position of austenite progresses rather rapidly and attains its maximum rate 
at about 730 to 700 degrees Cent. (1350 to 1290 degrees Fahr.). The product 
of this reaction is pearlite of various degrees of coarseness and ferrite. At 
temperatures above 750 degrees Cent. (1380 degrees Fahr.) and up to about 
820 degrees Cent. (1510 degrees Fahr.) (transformation on heating occurs at 
the latter temperature), as well as below 650 degrees Cent. (1200 degrees Fahr.) 
and down to about 400 degrees Cent. (750 degrees Fahr.), the rate of trans- 
formation is so slow that it cannot be measured within experimental time 
periods. In the temperature range from 400 degrees Cent. (750 degrees Fahr.) 
and down to about 220 degrees Cent. (410 degrees Fahr.) the rate of trans- 
formation increases again, but the product of the reaction in this case 1s 
martensite. This temperature range is indicated in Fig. E, in dotted lines. 
Mr. Gillmor makes a remark that an air hardening steel can easily be 
made soft by an isothermal treatment at a correct temperature. This is quite 
true, but it should also be remembered that other properties of a steel thus 
treated are also profoundly affected. In Table B, two sets of physical proper- 
ties for this steel are recorded: one set was obtained by a conventional heat 
treatment, i.e., double normalizing, first from 980 degrees Cent. (1800 degrees 
Fahr.) and then from 870 degrees Cent. (1600 degrees Fahr.) followed by 
drawing at 690 degrees Cent. (1280 degrees Fahr.), while the other set is 4 
result of an “isothermal” heat treatment at 720 degrees Cent. (1330 degrees 
Fahr.) (temperature corresponding to the “nose” of the “S-curve” in Fig. E). 
The isothermal heat treatment slightly reduces the tensile strength, but cuts the 
yield point and proportional limit down to less than a half of the values obtained 
by the regular heat treatment. The hardness value is also reduced. Elongation 
and reduction of area are practically the same in both cases, but the impact 








1942 DISCUSSION—CRITICAL POINTS OF STEELS 1413 


resistance is reduced from about 20.1 to about 7.2 foot-pounds Charpy, or by 
about 65 per cent. In other words, although the “isothermal” heat treatment 
may in some cases be applied to steels with suppressed transformations, it 
should be kept in mind that it very considerably embrittles them. 

In conclusion, we would like once more to compliment Mr. Gillmor for 
his excellent contribution. 

Written Discussion: By J. W. Price, Jr. and L. R. Cooper, Homestead 
Steel Works, Carnegie-Illinois Steel Corp., Munhall, Pa. 

In his paper, Mr. Gillmor has presented extensive data on transformation 
ranges as affected by chemical composition and has brought before a group of 
metallurgists a practical application of a valuable testing instrument which 
unfortunately has been confined largely to academic research. 

The dilatometer offers a sufficiently accurate and rapid method for the 
determifiation of both heating and cooling transformation characteristics and 
has been used at Homestead for some time in the development of proper heat 
treating procedures on large forgings. 

In determining the majority of his data, the author has used a constant 
cooling rate of 135 degrees Cent. (270 degrees Fahr.) per hour, which makes 
it possible to compare, within limits, the ultimate transformation characteristics 
of various steels. Care must be exercised, however, in making this comparison, 
for two steels, which have widely different transformation characteristics at 
this particular rate, may becatise of the shape of their respective S-curves 
exhibit substantially identical behaviors at somewhat lower cooling rates. 
Hence, large forgings made from the two steels may, by virtue of their cooling 
rate, possess practically the same physical properties although jthe dilatometer 
curves indicate that one should contain a much harder transformation product. 
Because of this, we feel that data obtained with this instrument is more easily 
interpreted and applied when studied in conjunction with the isothermal trans- 
formation characteristics or S-curve of the steel. 

The dilatometer has afforded an excellent means of checking the method 
of Grange and Kiefer for calculating constant cooling rate transformation 
temperatures from the isothermal S-curves. To demonstrate this feature, we 
selected a number of dilatometer curves which had been obtained on types of 
steels for which the S-curves were available. With the cooling rates used in 
the dilatometric determination, the transformation ranges were calculated from 
the isothermal curve and compared with those found by means of the dila- 
tometer. A reasonably accurate check was obtained by the two methods. For 
example, the dilatometer showed a cooling transformation range of 650 to 580 
degrees Cent. (1200 to 1075 degrees Fahr.) for a specimen of a 0.36 per cent 
carbon and 1.89 per cent manganese steel, when cooled at 120 degrees Cent. 
(250 degrees Fahr.) per hour. Using an isothermal S-curve of a similar 
analysis (0.35 per cent carbon and 1.85 per cent manganese) and this same 
cooling rate, the method of Grange and Kiefer indicates a transformation range 
of 650 to 595 degrees Cent. (1200 to 1100 degrees Fahr.). Small discrepancies, 
such as this, can easily be accounted for by slight differences in analysis, deoxi- 
dation, and austenitizing temperature in addition to usual experimental error. 

While information concerning transformation ranges or reaction rates of 
Various grades of steel has been published both in the form of dilatometer 








1414 TRANSACTIONS OF THE A. S. M. December 


curves and isothermal S-curves, if the various factors of cooling rate, austenitiz- 
ing temperature, etc., are taken into consideration, the data can be converted 
from one form to another by the technique we refer to. In this manner. 
information can be made available to apply to a particular problem of hea 
treatment where cooling rates are known. By presenting the dilatometer curve; 
in this paper, the author has made available more knowledge about the trans. 
formation characteristics of the various steels which he investigated. 

Written Discussion: By C. D. Foulke, senior metallurgist, Weirton Stee! 
Co., Weirton, W. Va. 

The magnitude of the investigation reported by Mr. Gillmor can be ap- 
preciated from the author’s statement that the data presented are a composite 
of some 700 dilatometer tests made over a period of about four years. 

Since this paper is concerned mainly with steels containing substantia! 
amounts of alloying elements, the writer would appreciate any information 
available as to the utility of the dilatometer for detecting the influence of the 
common alloying contaminants encountered in low percentages in preserit-day 
low carbon deep drawing grades of steel. 

The effect of sulphur on the high chromium, low molybdenum steels ‘s of 
particular interest in view of the relatively small percentages of sulphur in- 
volved. Does the author attribute the effect on the Ars to the difference in 
sulphur content alone? More information regarding the effect of sulphur in 
amounts representative of free machining steels would be of interest. 

Written Discussion: By A. D. Shankland, engineer of tests, Bethlehem 
Steel Co., Bethlehem, Pa. 

I would like to congratulate Mr. Gillmor on the large amount of work 
done on the determination of critical points by means of the dilatometer; on 
his fine presentation; and, particularly, on the logical conclusions which he 
has drawn. 

I question whether most metallurgists, other than those who have been 
engaged in the manufacture of large alloy steel forgings or castings of complex 
analyses, realize the extent to which the location of the Ar range may be con- 
trolled by varying the rate of cooling or by holding at appropriate temperatures. 

Mr. Gillmor has stressed the practical application of the dilatometer. In 
this connection, our Fore River Shipyard several years ago, when brazing two 
types of stainless steel, found that at times rupture occurred at the junction 
upon cooling from the brazing temperature. A dilatometric study of the 
steels involved showed that one of the steels had a dilatometric curve quite 
similar to Fig. 25 in Mr. Gillmor’s paper whereas the other steel had a curve 
quite similar to Fig. 26. It was apparent that a partial transformation of one 
steel at a low temperature caused stresses which were responsible for the 
failure. By specifying that steel for this application must complete its Ar 
transformation above 1200 degrees Fahr. (650 degrees Cent.), this difficulty 


was overcome. 

Mr. Gillmor’s conclusion, Number 12, reads as follows: 

“The dilatometric reactions recorded on these small specimens agree very 
closely with the reactions occurring in very large masses of steels when their 
cooling rates are kept identical. The dilatometer has proved its practicability and 
usefulness to the industry.” 
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We have found this to be true in our processing of large forgings. In ad- 
dition, it may be interesting to know that we have actually confirmed this by 
using a billet 8 inches by 8 inches by 5 feet long as a dilatometer specimen. 
The critical points obtained on the usual dilatometer specimen and those ob- 
tained on this billet were in good agreement. 

In addition, we have found that by subjecting samples in our dilatometer 
to the same heating time, holding time, and cooling time which are applied to 
the center of a large forging in practice, we have been able to check the 
eficiency and safety of our practice. 

Written Discussion: By Peter R. Kosting, Watertown Arsenal, Water- 
town, Mass. 

This paper is extremely interesting, and gives a large amount of informa- 
tion of use to the practical heat treater. The effect of alloys in steel on the 
lowering of the critical range on cooling is shown by dilation curves in a man- 
ner that is readily understandable. The possibility of obtaining in a hard 
condition alloy steels, which were “annealed” in order to be softened, is by 
no means a laboratory curiosity. The results of the investigation of the nickel- 
chromium-molybdenum steels given in Figs. 25 and 26 are very important. 

Debart* in 1936 classified cooling curves obtained with a dilatometer accord- 
ing to three types, as follows: Type I, in which full transformation occurred 
at the higher temperatures; Type II, in which the transformation was split, 
and Type III, in which full transformation occurred at the lower temperatures. 
Illustrations in this paper of these types are as follows: Type I—Fig. 11; 
Type II—Fig. 25; Type III—Fig. 24. 

Grossmann® has shown that upon heating up through ‘the Ac range an 
annealed hypoeutectoid steel, the pearlite changed to austenite, and then the 
ferrite changed until, at the very top of the range, only austenite was present. 
This suggests that there might be a break in the dilation curve in the portion 
where contraction occurs on heating. Breaks are sometimes observed here, as 
was shown by Esser,® and as is shown by the arrows on the accompanying 
curves (Fig. F). Curve A is for a chromium-copper-molybdenum-vanadium 
steel; B is a chromium-silicon-molybdenum-zirconium 40C steel, and C is a 
chromium-silicon-molybdenum-zirconium 20C steel. A fully detailed explana- 
tion of such breaks, however, has yet to be made. The heat treatment of the 
sample prior to the test run can affect the dilation characteristics and the Ac 
range on the heating curve, especially in some low alloy steels with intermediate 
carbon content. 

With reference to determining with a Leitz dilatometer the Ac range at a 
heating rate of 30 degrees Cent. (85 degrees Fahr.) per minute, as was done 
in this paper, one can question if the unknown sample and standard body are 
both at the same temperature at any instant. Furthermore, to report an Ac 
temperature 45 degrees Cent. (115 degrees Fahr.) too high, as is indicated on 
page 1397, does not permit the heat treater to process the material under the 
best conditions. 


193¢ 1936 ome Robert Debart, “‘Some Observations on Flakes,”” Mretat Procress, Vol. 30, 
», Pp 


°M. A. Grossmann, “Principles of Heat Treatment,” Published by the American 
vo Metals, 1935, p. 7-14. 


Esser, “‘Dilatometric and Magnetic Examination of Pure Iron and Carbon Iron 
Alloys, i Stahl u. Eisen, Vol. 47, 1927, p. 337-344. 
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Fig. F—Changes in Length of Three Steels 
Heated Through the Ac Range. 
Editor’s Note :—Mr. Kosting’s discussion has been released for publication 
by the Chief of Ordnance, U. S. Army. Statements and opinions are to be 


understood as individual expressions of their author, and not those of the 
Ordnance Dept. 


Author’s Reply 


The author feels that the entire discussion has added materially to his 
paper and he desires to thank all the contributors. Since we are all in agree- 
ment, there is little to be answered. 

He appreciates Mr. A. D. Shankland’s concurrence on the importance of 
the dilatometer in industrial applications and processes, especially with regard 
to the assistance it has lent to the successful heat treatment of large forgings. 

Messrs. N. A. Ziegler and W. L. Meinhart have presented additional data 
supporting the usefulness of the dilatometer by showing the effect of various 
alloying elements upon the Ar critical points of steel. 

With respect to the use of isothermal types of heat treatments for softening 
air hardening steels, it is admitted that the effect on the resulting physical 
properties is detrimental when the entire dilation, at the Ar;-1 critical point, 
is forced up above 625 degrees Cent. (1155 degrees Fahr.). It is recommended 
instead that only enough dilation be permitted in this temperature range to 
relieve the excessive stress that would otherwise result if the entire expansion 
occurred at a lower temperature which is below the plastic range of the steel. 
Such practice results in a split transformation and a very slight reduction in 
the physical properties of the steel. If, by isothermal heat treatment, one were 
trying to develop minimum hardness in alloy steels, his purpose would be 
defeated since he would be paying a premium for the alloying elements and 
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then reducing the physical properties of the alloy steel to the status of a plain 
carbon steel. 

In these steels investigated by the dilatometer, Mr. J. W. Price and Mr. 
L. R. Cooper have very aptly suggested that if S-curves had been included it 
would be easier to predict results on these. steels when they are cooled at rates 
slower than 135 degrees Cent. (275 degrees Fahr.) per hour. 

I have reproduced, from E. S. Davenport’s work, Fig. G, the S-curve for 
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Fig. G—Isothermal Transformation Diagram for S.A.E. 
4340 Steel (Davenport). 


a S.A.E. 4340 steel which, in composition, resembles very closely, except for 
carbon, the steel used in Figs. 24, 25, 26 and 27. It is of interest to note the 
close analogy between this S-curve and the dilatometer curves for this steel. 

First, in Fig. 24 where the steel was cooled at 135 degrees Cent. (275 
degrees Fahr.) per hour, it was noted that the Ar begins at 490 degrees Cent. 
(915 degrees Fahr.) and ends at 390 degrees Cent. (735 degrees Fahr.) which 
is near the knee of the S-curve. 

Again, in Fig. 25, where the rate was reduced to 20 degrees Cent. (70 
degrees Fahr.) per hour, resulting in a split transformation, it is shown that 
the upper transformation, ranging from 675 to 635 degrees Cent. (1245 to 1175 
degrees Fahr.), falls near the nose of the S-curve where the fastest transforma- 
tion reaction occurs, 675 degrees Cent. The balance of the split transforma- 
tion on the dilatometer falls between 455 and 380 degrees Cent. (850 and 715 
degrees Fahr.) which, as in Fig. 24, falls near the knee of the curve where the 
speed of the transformation reactions are most reduced. 

Other investigations on this same steel revealed that in cooling rates rang- 
ing from 10 degrees Cent. (50 degrees Fahr.) per hour up to an air cool, the 





1418 TRANSACTIONS OF THE A. S. M. December 


transformation, if split, fell in the temperature ranges shown on the 20 degrees 
Cent. (70 degrees Fahr.) per hour cooling rate curve—the only difference being 
the magnitude of the dilation at the two points. For rates slower than 20 
degrees Cent. (70 degrees Fahr.) per hour, the greatest dilation occurred 
between 675 and 635 degrees Cent. (1245 and 1175 degrees Fahr.), while for 
rates faster than 20 degrees Cent. (70 degrees Fahr.) per hour, the amount of 
reaction here gradually decreased until it disappeared as shown in Fig. 24. 
When a specimen was air-cooled, the Ars was depressed to 415 degrees Cent. 
(780 degrees Fahr.), still near the knee of the S-curve. 

In Fig. 26, which uses the direct transformation type of heat treatment as 
a basis for study, it was found that at 635 degrees Cent. transformation was 
completed in the minimum length of time and, as would be expected, this 
checked the S-curve to within a very few degrees. Since this is a rather 
critical point on every steel, and varies with each slight change in composition, 
it is felt that the dilatometer has afforded the most rapid and most accurate 
means of determining this ideal holding temperature. 

A study of dilatometer curves made at cooling rates slower than 135 de- 
grees Cent. (275 degrees Fahr.) per hour, along with the resulting photomicro- 
graphs and hardness readings, reveal the possibility of predicting the micro- 
structure and hardness from the curve on any steel. The amount of ferrite 
and pearlite formed upon cooling is in a direct ratio to the amount of dilation 
occurring at the upper critical point, corresponding to the nose of the S-curve, 
while the hardness varies inversely. When the entire dilation occurs at the 
lower temperature (knee of the S-curve), as in Fig. 24, there is a total absence 
of pearlite, resulting in increased hardness. 

In answer to Mr. C. D. Foulke’s inquiries, it is felt that in the case of 
the high chromium, low molybdenum steel it was solely the influence of the 
increased sulphur content which raised the Ars critical point 350 degrees Cent. 
(660 degrees Fahr.). It is doubtful if the dilatometer would show any differ- 
ence between the plain carbon and the plain carbon free machining steels. No 
definite information is available at this time on the effect of the common 
alloying contaminants found in low carbon deep drawing steels upon the 
dilatometric reactions. The variations frequently found between such steels 
can often be attributed to wide variations in nitrogen content. 

In reply to Mr. Peter R. Kosting’s part of this discussion, it is agreed 
that the contraction of the steel, while passing through the Ac:-s critical point, 
is not always uniform. This is shown by Figs. 2 and 19. At the rapid rate 
of heating employed in this investigation, the dilatometer was not always 
sensitive enough to record this change, particularly where the last trace of 
pearlite has just gone into solution in the newly formed gamma iron and the 
remaining ferrite is beginning to change over to austenite. It has been found 
that this change is more evident in medium carbon steels, where the pearlite 
and ferrite are more evenly balanced, than in either a low carbon steel, where 
the ferrite predominates, or in a high carbon steel where pearlite is in excess. 

The 45 degrees Cent. (115 degrees Fahr.) variation in the Acs critical 
point, as reported on page 1397, is considered negligible in contrast to the effect 
of similar rate changes on the Ar critical points. 

In closing may I take this opportunity to thank all those who have 8 
graciously added their practical experience and information to this investigation. 











DYNAMIC HARDNESS TESTING OF METALS AND 
ALLOYS AT ELEVATED TEMPERATURES 


By Ericu FeEtz 


Abstract 


The object of this paper is twofold: first, to stimu- 
late interest in this country in the dynamic hardness testing 
method and, second, to review its accomplishments in the 
testing of metals and alloys at elevated temperatures. Part 
A is devoted to a literature survey of dynamic hardness 
testers developed abroad with emphasis on their applica- 
tion to metallurgical investigations at elevated temperatures. 

Part B presents the author’s experimental work on 
the dynamic hardness testing at elevated temperatures. It 
studies some problems of practical interest, such as the 
effect of composition and heat treatment on the softening 
of die steels; the effect of rising additions of silicon on 
the hot working properties of low and high carbon 18-8; 
the effect of molybdénum on the softening characteristics 
of 12 per cent chromium stainless steel, and the effect of 
rising temperatures on the resistance to plastic deforma- 
tion of 26-19 nickel-chromium steel. 


INTRODUCTION 


HERE is a distinct tendency in recent years towards testing 
of metallic materials at elevated temperatures. Room tempera- 
ture physical properties often fail to permit predictions on the be- 
havior of alloys in service at elevated temperatures. The hot 
processing of metals and alloys has also been an incentive to a 
systematic study of physical properties at elevated temperatures. 
Depending on the speed of the application of the load, such 
tests may be grouped as: 
(a) long-time, small load or creep tests, 
(b) medium-speed tests such. as tensile, bending, static 
hardness and 
(c) high-speed or dynamic tests such as notch-impact, 
tensile, bending and dynamic hardness tests. 


A paper presented before the Twenty-third Annual Convention of the Soci- 
ety held in Philadelphia, October 20 to 24, 1941. The author, Erich Fetz, is 
chief metallurgist, C. O. Jelliff Manufacturing Corp., Southport, Conn. Manu- 
script received June 25, 1941. pa 
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This paper is devoted to the dynamic hardness tester. Its de. 
velopment and application has been almost exclusively European, 
Little has become known in-this country of its wide use in academic 
and industrial organizations abroad. The object of this paper is to 
call attention to this apparently useful tool. This review confines 
itself to those dynamic hardness testers which have been applied to 
the testing of metals and alloys at elevated- temperatures including 
the author’s own experiments performed in this country. 

The same fundamental idea underlies both the static (Brinell, 
Rockwell, Vickers, etc.) and the dynamic hardness tester. A hard 
body (ball, pyramid) penetrates the object under test and the inden- 
tation, which is the larger, the softer the material, is related to the 
load applied and is taken as a measure of hardness. But instead of 
a slowly applied load, the dynamic or impact hardness testing method 
uses a falling weight, a released spring or a blow by a hammer or 
a pendulum. 

The static hardness test at elevated temperatures meets diff- 
culties, which become the greater, the higher the temperature due 
to oxidation, flattening and structural changes of the ball, chilling of 
the test piece and continuance of flow of material under load. Al- 
though preheating of the indenting tool, the use of inert gases and 
of penetrators made of tungsten-carbide or single crystals of corun- 
dum eliminates some of the difficulties, the plastic flow introduces a 
serious variable which is absent in the dynamic test. The nature of 
Ahe latter, furthermore, furnishes specific information not to be had 
‘by a static test. The conditions in riveting, forging, cogging, and 
rolling seem to be more closely imitated by dynamic tests than by 
static. The same holds for the service conditions involved, for 
instance, in the pounding of a valve of an explosion motor. 

As early as 1904, Stribeck (1)* has pointed out the importance 
of the deformation speed. Sauerwald and co-workers (2) estab- 
lished that, with reasonably rapid deformations, as prevailing in many 
industrial processes, marked work hardening effects occur at tem- 
peratures considerably higher than the annealing temperatures re- 
quired to release cold working effects. This indicates\why different 
results may be expected in dynamic and static tests, as continuous 
recovery from work hardening (“recrystallization”) takes place in 
slow, static tests at reasonably high temperatures. 


1The figures appearing in parentheses refer to the bibliography appended to this paper. 
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The dynamic hardness tester has its advantages and shortcom- 
ings. It is characterized by a relatively simple construction, a short 
testing time and ease of application. It permits the testing of a 
creat number of samples and is especially adapted to the use at 
high temperatures. Although a number of dissertations are devoted 
wholly or in part to a study of its nature, accuracy, application and 
relation to other testing methods (Schneider, 1910; Liepe, 1911; 
Bardenheuer, 1920; Simonsen, 1924; Knehans, 1924; Diising, 1925; 
Class, 1925; Ehmcke, 1930; Schmidmer, 1932) the dynamic hard- 
ness tester cannot be called yet a scientific instrument. 

Several sources of error have been found such as energy losses 
due to transference to earth and rebound of the falling weight, 
friction along steel or wire guides, vibration of anvil and superstruc- 
ture, bouncing of test piece, conversion into heat, etc. Generally 
speaking, the elastic properties interfere in the case of most hard 
materials and with small indentations when the elastically deformed 
region is large in comparison with the permanently deformed (3). 
For dynamic hardness testing, lead represents the ideal testing mate- 
rial as all energy is absorbed in the permanent deformation of the 
metal. By using similar material and by holding constant all possi- 
ble variables, useful information may be obtained nevertheless. 

It is difficult at present to compare quantitatively the testing 
results of different investigators. A great variety of testers has been 
designed and the dynamic hardnesses are expressed in a greatly vary- 
ing manner by different experimenters. Evaluating their-results, sev- 
eral investigators arrive at exponential functions, which can be 
reduced to the simplified form 

E=H XxX @ 

where E = impact energy, H= hardness number and d = diameter 
of indentation. The exponent n was found by Edwards and Willis 
(4), Wust and Bardenheuer (5), von Schwarz (6), Schmidmer (8), 
and by this author, to be 4. Schneider (7) finds it between 4.02 
(copper) and 4.2 (steel) and Liepe as 4.36. The logarithm of the 
diameter changes in straight line function with the impact energy. 
Under constant testing conditions, the diameter of indentation may 
thus be used as a measure of hardness. | 
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Part A 7 


A LITERATURE SURVEY 


(a) Dynamic Harpness TEesTERS BASED ON MEASUREMENT 
OF INDENTATION 


As this paper is restricted to a review of dynamic hardness 
testers in the light of their accomplishments at elevated temperatures. 
only passing mention can be given to. Martel (9), father of dynamic 
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Fig. 1—Dynamic Hardness of 
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Two h Speed Steels at Elevated 
Temperatures (Kayser). 


hardness testing. Regarding the great number of publications on this 
subject, a review complete up to April 1937 has been made by 
Franke (10). 

Brinell testing a great variety of steels, Robin (11) encountered 
difficulties at extreme temperatures and took recourse to the dynamic 
method. A conversion into “Brinell Units” was made by means of a 
calibration curve obtained by dynamic and static tests on steels of 
different hardness at room temperatures. It is not made clear which 
data are obtained statically and which dynamically. No details on 
the dynamic tester are given. 

Kayser (12) believes to have found an interrelation between 
cutting ability of high speed steels and dynamic hardness at elevated 
temperatures. The proof for this conclusion is not included in his 
short publication. Only two dynamic hardness curves (Fig. 1) of 
“modern high speed steels” are reproduced referring to a chromium- 
molybdenum-cobalt steel (analysis not given) and to an 18 tungstet, 
chromium (per cent?), 1 molybdenum, 1 vanadium steel. The 
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irregularities of the hardness curves are probably due to short- 
comings of the test rather than due to changes in the steels. The 
general trend of marked softening at 550 to 800 degrees Cent. 
(1020 to 1470 degrees Fahr.) has also been found by other in- 
vestigators with high speed steels. The samples were tested in the 
furnace by an inverted pendulum hammer whose supporting arm 
slides along arc shaped guides and is pivoted at the same level as the 
specimen. The hammer carries a hardened steel ball and behind it, 
a comparison piece of metal, the Brinell Hardness Hg of which has 
been previously determined. The dynamic hardness Hp is evaluated 
as follows: 


Cc 
Hp = Hg X — °* 
h 


where c and h are spherical area of impression formed on comparison 
piece and on heated specimen respectively. 

Korber and Simonsen (13) made a thorough study of the 
dynamic hardness of different steels at elevated temperatures using 
a modified apparatus of Wiist and Bardenheuer (5) (Fig. 2). The 
samples are tested outside the furnace in a heavy pair of tongs. The 
magnetically released, free-falling hammer (instead of two guide 
wires) carries a 5- or 10-millimeter ball. The rebound energy loss 
is not determined. The dynamic hardness Hp, as the “specific 
displacement work”’, is evaluated as the quotient of impact energy E 
and volume of indentation V: 

Hp = E/V (mmkg/mm*) 

The dynamic hardness curves of three carbon steels are shown 
in Fig. 3. A minimum occurs at 400 degrees Cent. (750 degrees 
Fahr.) and a maximum at 500 degrees Cent. (930 degrees Fahr.) - 
followed by pronounced softening particularly of the hypereutectoid 
steel. It is concluded that forging and rolling of high-carbon steel 
should always be done above the eutectoid temperature as otherwise 
the resistance to deformation increases markedly. The maximum of 
the static hardness at 300 degrees Cent. (570 degrees Fahr.) coin- 
cides with a minimum of the dynamic hardness curve of a mild steel 
(Table I), a phenomenon more thoroughly studied by Walzel (14). 

Three high speed steels (A, B, C), one chromium-nickel (E), 
one tungsten steel (D), and “Stellite’’ (Table II) were tested in the 
as-delivered state (Fig. 4) and the three high speed steels also in the 
heat treated condition (Fig. 5). The impact hardness of annealed high 





1424 TRANSACTIONS OF THE A. S. M. December 


speed steel (A,B.C) drops uniformly with rising temperatures, Th, 
low alloy special steels (D,E) have a minimum and maximum of hard. 
ness which is less pronounced than in plain carbon steels (Fig 3), 
The drop hardness of hardened high speed steels falls with rising 





Fig. 2—Dynamic Hardness 
Tester (Wiist and Bardenheuer). 


temperatures. The higher hardness of “Stellite’’ above 700 degrees 
Cent. (1290 degrees Fahr.) is noteworthy. At 600 degrees Cent. 
(1110 degrees Fahr.) the dynamic hardness of the heat treated 
18 per cent tungsten high speed steels (A,C) is higher than that oi 
the 11 per cent tungsten high speed steel (B) and of a carbon tool 
steel quenched from 750 degrees Cent. A good agreement was { ound 
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Table I 


Changes of Static and Dynamic Hardness with Temperature of Mild Steel Containing 
0.05 Per — Carbon, 0.41 Per Cent Manganese, 0.77 Per Cent Phosphorus, 0.032 
Per Cent Sulphur, Trace Silicon (After Kérber and Simonsen) 


i __ 
Temperature in deg. Cent 100 200 300 400 500 
Brinell Hardness 103 124 129 116 93 
Dynamic Hardness (Hp/1.8) 

in mmkg/mm’. 89 81 79 92 109 


Analysis of Alloy Steels Tested for Dynamic Hardness by Kirber and 
Simonsen. (Figs. 4 and 5) 


Per Cent—_————_—_—_—__,, 
Si P S Ww Ni Of V Mo Co 


0.19 0.026 0. 18.85 ... 5.22 0.13 0.55 
0.15 0.022 0. 11.53 ... Bm GP 0.90 oes 
0.34 0.026 0. 18.27 0.45 4.21 0.40 0.67 3.89 
0.34 0.021 0. 5.46 sce bee. s00 eos eee 
‘ . 0.23 0.027 0. ove °& 1.17 trace oes oes 
Stellite ° : OES dees weee ace ssa = see ; 55.87 
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Fig. 3—Dynamic Hardness of Annealed Carbon Steels at 
Elevated Temperatures (Kérber and Simonsen). 


between these dynamic hardness tests and. dynamic tensile tests. 
The Wist and Bardenheuer machine (Fig. 2) has been ex- 
tensively used with and without modifications in German universi- 
ties and industrial laboratories. The commercial model of the Losen- 
hausen Co. is shown in Fig. 6. The freely falling torpedo-shaped 
impact weight is caught on rebounding by a rubber-lined ring. 
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Sauerwald (15) determined the impact hardness of copper- 
nickel and iron-nickel solid solutions at ordinary and elevated tem- 
peratures. The indentations were used as a measure of the hardness 
(Table III). A hardness maximum occurs in the central region of 


the binary constitutional diagrams at room and at elevated tem- 
peratures. 


Dynamic Hardness, mm.kg./mm$ 
nN 
S S 8 
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Jemperature, C. 


Fig. 4—Dynamic Hardness of Untreated Alloy Steels at 
Elevated Temperatures (Kérber and Simonsen). 


Sauerwald and Knehans (16) investigated the impact hardness 
of pure metals, which remained in the furnace (Fig. 7). The testing 
conditions are: 10-millimeter ball, drop hammer sliding along guides, 
rebound is measured, neutral furnace atmosphere, chamotte anvil. 

The impact hardnesses in Fig. 8 and Fig. 9, respectively, show 
(a) a linear change with temperature for copper, antimony, alumi- 
num, tin, lead, and (b) an irregular change with temperature 
for magnesium, zinc, nickel, iron. The rebounds for both groups of 
metals are presented in Fig. 10 and Fig. 11. The breaks in the curves 
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Table Ill 


Dynamic Hardness at Room and Elevated Temperatures of Copper-Nickel and Iron- 
Nickel (Sauerwald) 


Cu-Ni 4.74 mm, ball, 1.256 kg. weight, 20 cm. height. Diameter of Indentations in mm. 


Temperature %Cu 100 80 65 50 35 20 0 
indeg. Cent. 9%Ni 0 20 35 50 65 80 100 
18 2.79 2.75 2.49 2.29 2.23 2.48 2.52 
680 3.28 2.94 2.91 2.58 2.50 2.74 2.80 
910 3.49 3.05 2.95 2.82 2.66 2.91 3.04 


Fe-Ni 4.74 mm. ball, 1.256 kg. weight, 30 cm. height. Diameter of Indentations in mm. 


Temperature % Ni 100 80 65 50 35 20 0 
indeg. Cent. 9% Fe 0 20 35 50 65 80 100 
18 2.16 1.73 2.07 2.40 2.34 2.30 2.53 
910 3.12 2.99 2.83 2.63 2.70 2.71 2.48 
1230 2.98 2.77 2.62 2.34 2.50 2.43 2.86 
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Fig. 5—Dynamic Hardness of Stellite, Heat Treated 


High Speed Steels and Hardened Carbon Tool Steel 
(Korber and Simonsen). 
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of group (b) are connected with allotropic transformations. The 
arrests in the rebound curves of group (a) are linked to stationary 
elastic properties in the respective temperature ranges. All of the 
impact energy is absorbed by the completely unelastic lead. 

The dynamic hardness curve of nickel was reinvestigated (17) 
(10-millimeter ball, 445-millimeter height, 1.377-kilogram hammer ) 
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showing a pronounced drop at 300 degrees Cent. (570 degrees F ahr.) 
and a maximum at 450 degrees Cent. (840 degrees Fahr.) (broker 
line in Fig. 9). Sauerwald connects the former change with the 
magnetic transformation point of nickel and the latter with blue 
brittleness. Another inconsistency occurs around 800 degrees Cent. 
(1470 degrees Fahr.). It appears inadvisable to use relatively slight 


Fig. 6—Dynamic Hardness 
Tester (Losenhausen Co.). 


changes in the course of dynamic hardness curves, for far-reaching 
theoretical deductions. As a precaution, a great number of tests at 
intermediate temperatures should have been made, preferably sup- 
ported by tests of other physical properties at elevated temperatures. 
No explanation is offered for the discrepancies between the previous 
findings and the new dynamic hardness curve of nickel. The static 








1429 


HARDNESS TESTING 


1942 





= 
| O9¢ = | 





Li) 


—  — 


A 


—= 


— 


ZZ 


aati’ 











Fig. 7—Dynamic Hardness Tester (Sauer- 


wald and Knehans). 
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hardness curve of nickel does not show any abrupt changes UP to 
the melting point (18). 

Sauerwald and co-workers (19) investigated the work hardening 
ability and crystallization speed of an austenitic nickel steel with 
24.6 per cent nickel and 0.72 per cent carbon (Fig. 12) and of a4 
per cent silicon-transformer steel by means of upsetting, microscopic 
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Fig. 8—Dynamic Hardness of Aluminum, Copper, An- 
timony, Tin, and Lead at Elevated Temperatures (Sauer- 
wald and Knehans). 


and dynamic hardness tests. It is concluded that nickel lowers the 
softening rate and, with quick deformations, work hardening effects 
can be observed in gamma-nickel steel at 900 to 1000 degrees Cent. 
(1650 to 1830 degrees Fahr.). The maximum of the work hardening 
ability is located in the temperature range of blue brittleness. 4 
stationary dynamic hardness is observed in the transformer stet! 
between 500 and 650 degrees Cent. (930 and 1200 degrees Fahr.). 
Slater and Turner (20) used the dynamic hardness test to decide 
whether rivets: of modern steels of higher tensile values are actually 
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harder to drive. They employed the guillotine type of impact tester 

using a 1.5-pound hammer with a 10-millimeter ball and an 8.4-inch 

fall. It took half a second for removing the sample from the furnace 

to the foot. controlled tester whose anvil has a V-shaped stop. The 

ball impressions are plotted against temperature and are also con- 

verted into hardness units H suggested by Edwards and Willis (4): 
d=—C Xx E°%%; H = 7455/D* 


where d = diameter of indentation, E — impact energy, C = 
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Fig. 9—Dynamic Hardness of Iron, 


Nickel, Magnesium and Zinc at Elevated 
Temperatures (Sauerwald and Knehans). 


constant, D = diameter of indentation produced by 10-millimeter 
ball when E = 63 inch-pounds. 

The steels lose little of their dynamic hardness until 650 degrees 
Cent. (1200 degrees Fahr.’)) (Fig. 13). Between 650 and 900 degrees 
Cent. (1200 and 1650 degrees Fahr.), all steels soften considerably, 
the rate of softening depending on the carbon content. Above 900. 
degrees Cent. (1650 degrees Fahr.) the hardness values of different 
steels become more nearly equal. It is deduced that the first impact 
will produce more of the desired shape of a cooling rivet than any of 
the subsequent blows of equal force. The number of rivets driven will 
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depend more upon the speed with which the first blow is struck than 
upon the total physical energy expended. A medium carbon steel 
rivet will be as soft at 1100 degrees Cent. (2010 degrees Fahr.) as 
a wrought iron rivet at 900 degrees Cent. (1650 degrees Fahr.). 
Cutting off of fins done below 800 degrees Cent. (1470 degrees 
Fahr.) requires expenditure of much more energy than the same 
operation would require above 800 degrees Cent. (1470 degrees 


Temperature, C: 
Fig. 10—Rebounds on Aluminum, Copper, Antimony, 
Et tiwiaaxn). 
Fahr.). The authors recommend the dynamic hardness testing 
method as being “extremely simple and reliable.” 

Ehmcke (21) supplemented dilatometric, magnetic, microscopic 
and room temperature hardness tests by tensile and dynamic tests at 
elevated temperatures (5-millimeter ball, 1.5-kilogram load, 200-milli- 
meter drop) on high speed steels containing rising additions of nickel 
(Table IV). The testing results in Fig. 14 show that the hardness 
curves of the 5 per cent and 12 per cent nickel-bearing steels inter- 
sect at 750 degrees Cent. (1380 degrees Fahr.) that of the nickel-free 
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0 
Temperature, °C. 
Fig. 11—Rebounds on Iron, Nickel, Mag- 
nesium and Zinc Tested for Dynamic Hard- 


ness at Rising Temperatures (Sauerwald 
and Knehans). 


Table IV 
Chemical Analysis of High Speed ern a for Dynamic Hardness by Ehmcke 
z. 


Si 
0.30 
; 0.29 
0.69 0.40 
0.75 0.23 


material. Ehmcke concludes that austenite with the highest re- 
crystallization temperature and the slowest crystallization speed has 
the greatest high temperature hardness above 600 degrees Cent. 
(1110 degrees Fahr.); tungsten and molybdenum, like chromium, 
belong to the elements retarding recrystallization. Nickel and man- 
ganese promote austenite formation and thus act, in principle, bene- 
ficially. The static hardness tests (10-millimeter tungsten carbide 
ball, 750-kilogram load, 10 seconds) agree with the dynamic. At 
temperatures exceeding 750 degrees Cent. (1380 degrees Fahr.) 
(see insert of Fig. 14), the nickel-bearing grades are definitely 
superior. Due to their inferiority at lower temperatures, alloying of 
nickel to high speed steel is impractical. 








1434 TRANSACTIONS OF THE A. S. M. December 


350 


500 


a 


Dynamic Hardness 


200 


150 
0 200 400 G00 800 
Temperature, °C. 


Fig. 12—Dynamic Hardness of 
Austenitic Nickel Steel (24.6 Per 
Cent Nickel, 0.72 Per Cent Car- 
bon) in Relation to Temperature 
(Sauerwald and Collaborators). 
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Fig. 13—Dynamic Hardness of Carbon Steels in Relation 
to Carbon Content and Temperature (Slater and Turner). 


Page (22) studied the dynamic hardness of a high speed stee! 
(0.6 per cent carbon, 14.0 per cent tungsten, 3.5 per cent chromium, 
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Fig. 14—Dynamic Hardness of High Speed Steel at 
20-900 Degrees Cent. in Relation to Nickel Addition. 


Insert: Static Brinell Hardness of the Same Steels at 
600-800 Degrees Cent. (Ehmcke). 


0.25 per cent vanadium) after three different heat treatments: 
(a) 1250 degrees Cent.— 5 minutes 
(b) 1250 degrees Cent.—— 2 minutes 
600 degrees Cent.—10 minutes 
(c) 1250 degrees Cent 5 minutes 
600 degrees Cent.—10 minutes 
The samples are transferred from the furnace to the anvil and are 
struck by a falling weight sliding vertically between polished steel 
guides and carrying a 10-millimeter ball. Nine steels of different 
hardness were tested first under the Brinell Machine, second by an im- 
pact energy of 64.5 foot-pounds. The diameters obtained by both 
methods furnish the calibration curve. According to Fig. 15 pro- 
nounced softening starts at about 500, 550 and 600 degrees Cent. 
(930, 1020 and 1110 degrees Fahr.): The testing results disagree 
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Fig. 15—Effect of Heat Treatment on the Dy- 


namic Hardness of a High Speed Steel at Elevated 
Temperatures. 
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Fig. 16—Dynamic Hardness of Two Cast 
Irons at Elevated Temperatures (Roll). 


with other tests regarding the loss of dynamic hardness up to the 
point of drastic softening. 

Roll (23) employed the Baumann tester, a dynamic indentation 
apparatus using a released spring to drive a 5- or 10-millimeter stee! 
ball into the test piece, to investigate the dynamic hardness of 
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cast iron in relation to composition and time of exposure to elevated 
temperatures. The samples were tested in the furnace in inert gas. 
Two typical curves of a “ferrite” and “cementite cast iron” (an- 
alyses not given) are reproduced in Fig. 16. The changes of dynamic 


Dynamic Hardness 


400 


Fig. 17—Changes of Dynamic Hardness of Cast Iron with Time and 
Temperature (Roll). 


hardness in Baumann’s Brinell units on long time exposures to 250 
and 450 degrees Cent. (480 and 840 degrees Fahr.) are shown in 
Fig. 17 for two cast irons. Roll concludes that the metastable cast 
iron reaches a stabilized condition the sooner the higher the annealing 
temperature. At 250 degrees Cent. (480 degrees Fahr.) the sample 
did not become stabilized after 1250 hours. Figs. 16 and 17 repre- 
sent “idealized” curves as the actual testing results show considerable 
deviations from these curves. 

Walzel (14) employs a swinging pendulum, similar to the 
Charpy Notch-Bar Tester, holding a 10-millimeter ball at the striking 
face (Fig. 18). A scale with a moving pointer permits measuring 
the unabsorbed energy lost in the rebound. The test is apparently 


performed outside of the furnace. The dynamic hardness is defined 
as: 


wie Impact Energy - Rebound Energy 
»~ Volume of Indentation 
A great number of preliminary tests established the energy losses in 





es ~ 
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Table V - 

Composition of Four Steels Used for Dynamic Hardness Tests by Walzel. (Fig. 19) 

Per Cent arog 

Steel No. C Si Mn Cr WwW ie 
1 0.08 0.01 0.49 0.027 0.048 
2 0.34 0.19 0.60 0.013 0.048 

3 0.64 0.29 1.04 0.024 0.036 oni pat = 

4 0.34 1.24 0.48 0.013 0.007 1.16 3.45 0.17 














Table VI 


Chemical Analysis of Steels Tested for Static and Dynamic Hardness at Elevated 
Temperatures by Walzel. (Figs. 20 and 21) 


Steel No. 
I 
II 
III 
IV 


—_._ —_——— Per Cent———  — -———_ — Heat Treatment 


Cc 
0.09 
0.52 
0.83 
0.30 


Si 


Mn 


0.43 
0.67 
1.00 
0.46 


S 


0.031 
0.036 
0.050 
0.012 


‘Temperature Time 

Cy Ni in deg. Cent. in min. 
} 920 15 
840 15 
780 15 


0.89 3.47 Quenched in oil from 840° C. 
Drawn at 680° C. for 30 min. 
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Fig. 19—Dynamic Hardness of Four Annealed Steels 
(Table 'V) at Elevated Temperatures (Walzel). 
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Fig. 20—Dynamic Hardness of Four Heat Treated 
Steels” (Table VI) at Elevated Temperatures (Walzel). 
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the rebound, the interrelation between Brinell hardness and dynamic 
hardness and the effect of the ball material (tungsten carbide ys 
steel). Four steels (Table V) were tested for dynamic hardness up 
to 800 degrees Cent. (1470 degrees Fahr.). The testing results given 
in Fig. 19 are in agreement with results obtained by other jp. 
vestigators on similar material. 


Te 
Re 


Co 
PAN 
[ILLS 


600 800 
ictal ¢ 
21—Static Hardness (10-millimeter Tun 
wien Carbide Ball, 6 Seconds, 3000-kilogram load) 


of Four Heat Treated Steels (Table VI) at Ele- 
vated Temperatures (Walzel). 





Brinell Hardness 


Walzel (25) studied later a number of steels (Table VI) 
statically (10-millimeter tungsten carbide ball, 3000-kilogram load, 
6 seconds) and dynamically up to 900 degrees Cent. (1650 degrees 
Fahr.) (10-millimeter steel ball, 349-millimeter kilogram im- 
pact). The peaks of the dynamic hardness curves (Fig. 20) occur 
at 500 to 600 degrees Cent. (930 to 1110 degrees Fahr.) as compared 
with 300 to 400 degrees Cent. (570 to 750 degrees Fahr.) for the 
static. (Fig. 21). This phenomenon leads Walzel to a lengthy dis- 
cussion of precipitation effects in steel in relation to time. The 
marked differences between static and dynamic hardness tests at 
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elevated temperatures seem to be a further justification for adding the 
latter to our conventional testing methods. 


(b) Dynamic Harpness TEesTERS BASED ON MEASUREMENT 
OF REBOUND 


Sauerwald, Rakoski and Schylla (26) redesigned the original 
tester by Sauerwald and Knehans (16) to improve its accuracy in 


600 800 "C. 








200 400 6800 800 1000 700 1400 
lemperature, F 


Fig. 22—Dynamic (Rebound) Hardness of Plain 
Carbon Steels in Relation to Carbon Content and 
Temperature (Hamasumi). 


determining the unabsorbed energy of the rebound. The main object 
was to confirm the phenomena previously observed (16) with 
aluminum, copper and iron (0.19 per cent carbon, 0.54 per cent man- 
ganese, 0.02 per cent silicon, 0.18 per cent copper, 0.085 per cent 
phosphorus, 0.07 per cent sulphur). The results were checked under 
various testing conditions and against a commercial Shore Instru- 
ment and were found to agree with the curves shown in Figs, 10 
and 11, 

Hamasumi’s (27) vacuum, high temperature hardness tester in- 
corporates a double-walled glass cylinder, the inner one being gradu- 
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ated for the measurement of the height of rebound and a quartz 
furnace heated by a tungsten wire. The 8-millimeter test ball js 
released by fusion of a manganin suspension wire. A vacuum of 
0.000 001 to 0.000 01 millimeter Hg prevents oxidation of sample 
and test ball. Armco iron and several carbon steels up to 1.2 per cent 
carbon were tested. The results follow the law 

hX d™ =C;h — C/d™ 
where h = hardness number, d — diameter of indentation made on 
ball surface, m = constant independent of steel quality, C — constant 
varying with the C-content of the steel. 

The hardness falls in each case from room temperature to 500 
degrees Cent. (930 degrees Fahr.). (Fig. 22). A maximum occurs 
at 600 degrees Cent. (1110 degrees Fahr.) followed by rapid soften- 
ing. The differences in rebound hardnesses between high and iow 
carbon steel at 900 degrees Cent. (1650 degrees Fahr.) are much 
more pronounced than those found by other investigators with the 
indentation method. Otherwise there is a fair qualitative agreement 
in spite of the different character of the dynamic tests. For indus- 
trial laboratories, Prof. Hamasumi’s vacuum rebound tester appears 
to be impractical because it is too complicated and time absorbing 
and too much influenced by the elastic properties of different mate- 
rials. 


Part B 


THE AuTHOR’S EXPERIMENTS 
(a) MacHINE AND METHOD 


The guillotine type of dynamic hardness tester was employed. 
A heavy steel base of about 150 pounds provided with a smooth 
surface is used to hold down the losses due to vibration and is rigidly 
connected with the oak plate of the bench. The drop hammer sliding 
vertically along two polished steel front guides is operated by a foot 
release connected to a hook fastened onto an adjustable fibre gallows. 
The 3-leg superstructure is sunk sufficiently deep into the steel base 
and is provided with a duralumin top plate. _The\table is care- 
fully leveled to approach a free fall of the impact weight, which holds 
at its lower end an exchangeable 10-millimeter steel ball. Two hand 
wheels driving at right angle two pointed steel rods offer a firm rest 
to the pair of tongs holding the samples and permit the distribution 
of the indentations in a premeditated manner. Special heavy tongs 
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accommodating the right hand in a scissor-like handle are provided 
with angle irons to insure a firm hold on the sample and to prevent 
energy losses due to bouncing. 

For each series of tests, the same impact energy and the same 
sample weight is used and testing conditions were made as equal 
as possible. Heavy samples of large heat capacity were employed to 
prevent an undue drop of temperature. The tester is placed directly 
beside the furnace. The time between the sample leaving the furnace 
and the hammer striking the sample never exceeded 1% seconds and 
was usually less than one second. 

A series of preliminary tests were made to assure the reproduci- 
bility of the hardness tester and to study the effect of slight varia- 
tions of sample thickness. A greater number of tests were required 
for very hard material to obtain a reliable mean value. Attempts to 
take into account the energy lost in the rebound by measuring the 
second indentation yielded consistent results on the first impression, 
it is true, but not on the second. The drop hammer apparently does 
not always rebound perpendicularly so that friction losses vary de- 
pending on the angle of reflexion. 


(b) SorreniInG oF Die STEELS 


The chemical analysis of three die steels studied in relation to 
composition and thermal pretreatment, i.e., quenching medium (oil 
versus air), quenching temperature and drawing hardness, are given in 
Table VII. One-half of all samples were quenched in oil and the 
other half cooled slowly in air. The quenching range of Steel A 
was 1900 to 2200 degrees Fahr. (1040 to 1205 degrees Cent.) and that 
of Steel B 1700 to 2000 degrees Fahr. (925 to 1095 degrees Cent.). 
One sample of each steel and of every pretreatment was carefully 
drawn to 444 Brinell and to 388 Brinell. Due to the low carbon 
content of Steel C, hardening to 444 Brinell failed‘and it was even 
difficult to reach 388 Brinell. Only one sample quenched in oil and 





Table VII 
Chemical Analysis of Three Die Steels (Figs. 23 and 24) 


re CF Cent 


Steel Mn Si Cr V WwW 
A 0.46 0.25 0.19 2.05 0.20 11.48 
B 0.35 0.26 1.22 5.26 ag 4.58 
C 0.29 0.29 0.12 2.67 0.35 15.20 
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one cooled in air from 2300 degrees Fahr. (1260 degrees Cent.) were 
used. 

The softening of characteristic samples of each steel is demon- 
strated in Fig. 23 in which the ball impressions in millimeters, or 
rather the subtractions 5.5 minus diameter of indentation, are plotted 
against temperature. For comparison, Fig. 24 shows the room tem- 
perature Brinell hardnesses (broken line) taken after the dynamic 





8 

3 

3 

Temperature, °F 

A 0 Air 2100 401 
A Air 2000 449 
B Oil 2000 394 
B Air 1900 4d 
C A Gil 2300 388 


Fig. 23—Dynamic Hardness of Three Die Steels (Table VII) at 
Elevated Temperatures. 
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lemperature, °F 
Fig. 24—Dynamic Hardness at Elevated Tem- 


peratures and Room Temperature Brinell Hardness 
of a Die Steel in Relation to Two Heat Treatments. 


hardness testing at elevated temperatures on Steel C (Table VII). 
The room temperature tests were made to keep track of any changes 
that might occur due to heating into the testing range of from 300 to 
1200 degrees Fahr. (150 to 650 degrees Cent.). 
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It is not surprising that there are hardly any differences in the 
softening of Steel B after different thermal pretreatments. Steel B 
represents a typical air hardener. The mean hardness of all oil- 
quenched samples is 542 Brinell against 518 Brinell on air cooling. 
This compares with 563 Brinell (oil) and 410 (air) for Steel A. 
Chromium, like nickel and manganese, apparently lowers the critical 
quenching speed more drastically than, for instance, tungsten. Dif- 
ferent thermal pretreatments obviously affect the stability at elevated 


0 wo 200 300 400 SOO 600 
Brinell Hardness 


Fig. 25—Curve for Converting Dynamic 
Hardness into Brinell Units. 

temperatures. The softening is generally shifted to higher tempera- 
tures with rising hardening temperatures. The higher the initial 
as-drawn hardness, the greater the resistance to plastic deformation 
at rising temperatures. Fig. 24 proves that room temperature hard- 
ness curves (broken lines) do not indicate the true behavior at 
elevated temperatures. The room temperature hardness may not 
change at all with heating temperatures up to 1200 degrees Fahr. 
(650 degrees Cent.) while, at elevated temperatures, drastic soften- 
ing sets in at a little over 1000 degrees Fahr. (540 degrees Cent.) 
(Fig. 24A). 

The dynamic hardness tests indicate that the 11.48 per cent 
tungsten die steel A may be replaced by the 4.58 per cent tungsten 
die steel B which runs higher in chromium and silicon. 


(c) CoNvVERSION OF DyNAMIcC HARDNESSES INTO BRINELL UNITS 


In the following tests the dynamic hardness is expressed in a 
different manner. A number of test blocks of 134-inch edge length 
varying in static hardness from 45 to 555 Brinell were tested under 
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rv. 26 A and B—Changes of Dynamic Hardness of 
Low rbon and High Carbon 18/8 With Rising Silicon 
Contents at 1600-2200 Degrees Fahr. 


the Brinell machine and dynamically. Both hardness values are 
plotted against each other and thus furnish a conversion curve which 
permits one to translate every dynamically produced ball indentation 
into a corresponding “Brinell’’ unit. (Fig. 25.) A great number of 
tests were made with equal impact energies by different products of 
impact weight times height of fall. The same dynamic hardnesses 
were obtained proving that the indentation speed represents no vari- 
able within the testing range available. It was found advisable to 
work with small impact energies because difficulties are introduced 
in the microscopic measurement of small indentations and due to an 
inherent limitation of the impact testing method if the energy loss in 
the rebound is not determined. With very small indentations, the 
only elastically deformed region of the test piece becomes, relatively 
speaking, large in comparison with the plastically deformed. (3). 
By using sufficiently heavy impacts one can steer clear of this limita- 
tion of the impact testing method. This shortcoming, however. 
should not be used as a basis for rejecting the whole testing method 
as such. One of the limitations of the static indentation method, i.e., 
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the increased loss of the indenting force with increasing depth of 
penetration due to work hardening did not interfere either with a 
wide adoption of, say, the Brinell test. 

Impact energies plotted against the indentations obtained on 
the standard test blocks with impact energies varied between 5 and 
220 inch-pounds yielded parabolic curves: 

E=H X @ 
where E = impact energy, H= hardness number and d = diameter 
of indentation. Incidentally, a similar law underlies the static inden- 
tation method (24). Plotted on a double-logarithmic scale, 
log E = log H + n log d 

straight lines were obtained, the inclination of which was found to be 
n — 4.0 for the softest testing material. The exponent becomes 
smaller with increasing hardness of the test blocks which is due 
to the fact that a larger portion of the applied impact is lost in the 
rebound. 


(d) Errect oF S1Licon on 18/8 at Hort Worxinc TEMPERATURES 


The object of the following tests was to study the effect of 
silicon on the hardness of austenitic 18/8 chromium-nickel steel at 
elevated temperatures. The first set of tests refers to the “hot 
working range” 1600 to 2200 degrees Fahr. (870 to’ 1205 degrees 
Cent.) and the second to the hardness at service temperatures, 
600 to 1600 degrees Fahr. (315 to 870 degrees Cent.). 

Two series of alloys with rising silicon contents aiming at 0.05 
to 0.10 per cent carbon and at 0.15 to 0.20 per cent carbon were 
melted in a high frequency induction furnace and the 30-pound cast 
ingots were hot-rolled to 134 by 134-inch bars. Table VIII gives 
the chemical analysis of carbon, silicon, chromium and nickel. Sam- 


Table VIII 
Chemical Analysis of 18-8 Carbon-Nickel Stainless Steels Tested for Dynamic Hardness 
(Figs. 26-30) 
Per Cent Per Cent Per Cent Per Cent 
Steel No. Group Carbon Silicon Chromium Nickel 
l 0.07 0.50 17.56 8.29 
2 Low 0.05 1.07 18.24 8.24 
3 0.06 1.80 18.65 8.25 
4 Carbon 0.06 2.52 18.41 7.48 
3 0.06 3.51 18.06 8.25 
6 0.20 0.47 17.41 8.08 
High 0.20 1.15 18.33 8.57 
0.15 2.05 17.71 8.25 
9 Carbon 0.22 2.81 18.06 8.07 
10 0.22 3.77 


18.02 8.07 
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ples of 0.5 inch thickness were cut off the bars, ground smoothly on 
both sides on a belt grinder to an even thickness and uniform weight 
and tested for Brinell hardness. 

The samples were held in a neutral atmosphere at the testing 
temperatures of 1600, 1800, 2000 and 2200 degrees Fahr. (870, 980, 
1095 and 1205 degrees Cent.) in an automatically controlled and re- 
cording Hayes Furnace for 60 minutes and then tested under the drop 
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Fig. 27 A and B—Changes of Room Temperature 
Brinell Hardness of Low Carbon and High Carbon 
18/8 (0.5-3.5 Per Cent Silicon) After Testing at 1600- 
{ 2200 Degrees Fahr. 
hammer by a 2-pound weight falling from a height of 20 inches. After 
cooling to room temperature, the indentations were measured, cor- 
rections applied for the thermal expansion at testing temperatures, 
the surface ground lightly and the Brinell hardnesses determined. All 
samples were then placed back in the furnace and tested again 
dynamically after remaining at testing temperature for 20 minutes. 
A second Brinell hardness was made at room temperature. 
The mean dynamic hardness values at elevated temperatures are 
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shown in Figs. 26 A and B, respectively, for the low-C and high-C 
set and Figs. 27 A and B give the corresponding Brinell values 
at room temperature after cooling from the bracketed testing tem- 
peratures. 

The high temperature dynamic hardnesses increase linearly with 
rising silicon contents. The same holds for the static room tempera- 
ture hardnesses of the low carbon set. Both series of alloys show 
almost the same hot-rolled hardness. 

The release of the work hardening effect is the more sluggish 
the higher the silicon content; in other words, silicon raises the re- 
crystallization temperatures. Obviously an annealing time of 60 + 20 
minutes was not sufficient to establish equilibrium conditions at 1600 
degrees Fahr., especially at high silicon concentrations. The high tem- 
perature hardnesses of specimens of the high carbon set are roughly 
20 to 30 per cent higher than those of the corresponding samples of 
the same silicon content in the low carbon set. It is noteworthy that 
the dynamic hardness at 1800 to 2200 degrees Fahr. (980 to 1205 
degrees Cent.) of the low carbon, high silicon steel is higher than 
that of the high carbon, low silicon steel. 

The differences in dynamic hardness at elevated temperatures 
between the low carbon set at one hand, and the high carbon series 
at the other, is not as pronounced as one would expect on account of 
the great differences in Brinell hardness at ordinary temperature. 

While the dynamic hardness decreases uniformly with rising 
temperatures, a gain in room temperature Brinell hardness—partly 
above the hardness of the as-rolled material—takes place at 1600 
and 1800 degrees Fahr. (870 and 980 degrees Cent.). As this phe- 
nomenon occurs only in Group B, it is obvious that the carbon con- 
tent is responsible. Incidentally, this gain in hardness is much less 
conspicuous in Steel 8, since its carbon content is only 0.15 per cent 
as compared with 0.2 and 0.22 per cent for the other four samples 
of this series. 


(e) Dynamic Harpness oF 18/8 witH Risinc Siticon CoNTENTS 
AT SERVICE TEMPERATURES 


The 134-inch square samples of 0.5-inch thickness were first 
relieved of the effect of hot working by a 20-minute anneal at 2100 
degrees Fahr. (1150 degrees Cent.) followed by water quenching. 
Separate samples were again used for testing at 600 to 1600 degrees 
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Fahr. (315 to 870 degrees Cent.) at an interval of 200 degrees Fahr 
(95 degrees Cent.). All specimens were held at the testing tempera- 
| ture for 50 hours and then tested dynamically. After cooling to room 
! temperature, Brinell testing and reheating to testing temperature for 
30 minutes, a second dynamic hardness test was performed followed 
by another Brinell hardness determination. An impact energy of 
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Fig. 28 A and B—Changes of Dynamic Hardness 


of Low Carbon and High Carbon 18/8 With Rising 
Silicon Contents at 600-1600 Degrees Fahr. 


40 inch-pounds was again applied and all testing conditions were 
made as uniform as possible. 

The duplicate tests of dynamic hardness showed’ but negligible 
differences. The mean dynamic hardness values for the low carbon 
and high carbon set are given in Figs. 28 A and B, respectively. The 
Brinell hardnesses after cooling to room temperature are shown in 
Figs. 29 A and B. The Brinell hardnesses prior to the austenitic 
quench are also given for comparison. 
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The 50-hour anneal between 600 and 1600 degrees Fahr. (315 
and 870 degrees Cent.) lowers the Brinell hardness of the low car- 
bon series of alloys and also the high carbon set in the temperature 
range of from 600 to 1600 degrees Fahr. (315 to 870 degrees 
Cent.). A marked gain of static hardness beyond the hardness of the 
gamma iron solid solution takes place at 1200 to 1400 degrees Fahr. 
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Fig. 29 A and B—Room Temperature Brinell Hard- 

ness of Low Carbon and High Carbon 18/8 With 


0.5-3.5 Per Cent Silicon After Testing at 600-1600 
Degrees Fahr. 


(650 to 760 degrees Cent.) and, to a less pronounced extent, at 1600 
degrees Fahr. (870 degrees Cent.). The same phenomenon is directly 
observed at elevated temperatures in the high carbon series. An 
abrupt gain of hardness takes place at 1200 and 1400 degrees Fahr. 
(650 and 760 degrees Cent.), which is partly lost due to the re- 
dissolution of the precipitated carbides at 1600 degrees Fahr. (870 
degrees Cent.). This effect is the more pronounced the lower the 
silicon content. A gradual softening takes place in the low carbon 
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set. The behavior just described may be shown more clearly by 
plotting the changes of dynamic and static hardness of the high 
silicon sample of low carbon and high carbon series against tempera- 
ture. (Fig. 30.) Practically no changes occur in the 0.05 per cent 
carbon-bearing 18-8 in contradistinction to the sample with 0.22 per 
cent carbon. Due to the inclination of the dynamic hardness curve, 
the absolute increase in hardness is less conspicuous than with the 
static hardness curve obtained at room temperature. The present ex- 
periments show the breakdown of the predominantly austenitic struc- 
ture directly at elevated temperatures and also prove that silicon 
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Fig. 30—Changes of High Temperature Dy- 
namic Hardness and Room Somnparetaes Brinell 
Hardness of a Low Carbon and a High Carbon 
18/8 in Relation to Temperature. 


does not belong to those elements capable of arresting the decomposi- 
tion of 18-8 in the critical high temperature range. 

The rather sensitive measurements of magnetic saturation and of 
electrochemical potential by Strauss, Schottky and Hinniiber (28) 
disclosed that 18-8 with 0.04 per cent carbon is unaffected by heating 
to 1000 to 1500 degrees Fahr. (540 to 815 degrees Cent.). Such 
steel however is relatively soft. As the present tests show, a con- 
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siderable gain in strength may be obtained by alloying silicon, instead 
of carbon, to 18-8 without introducing the danger of intercrystalline 
corrosion. 


(f) Dynamic HarpDNEss aT ELEVATED TEMPERATURES OF Two 
12 Per CENT CHROMIUM STAINLESS STEELS 


The following dynamic and static hardness tests refer to two 
12 per cent chromium stainless steels, one of which contained an 


Table IX 


Composition and Hardness of Two 12 Per Cent Chromium Stainless Steels Tested for 
Dynamic Hardness at Elevated Temperatures. (Figs. 31-34) 

os Brinell Hardness———————————__, 

Oil-Quenched Oil-Quenched 


Drawn Drawn at 
As Delivered Oil-Quenched at 500° F. 1200° F. for 
Steel Analysis (annealed) From 1800° F. for 30 min. 30 min. 
11 0.11% C 159 Brinell 363 Brinell 341 Brinell 308 Brinell 
12.89% Cr 
0.09 % C 
12 12.26% Cr 166 Brinell 365 Brinell 360 Brinell 339 Brinell 
0.45 % Mo 
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Figs. 31 and 32—Dynamic Hardness of a 
Plain and a Molybdenum-Bearing 12 Per Cent 


Chromium Steel in Relation to Pretreatment 
and Temperature. 


addition of molybdenum. The chemical analysis of carbon, chromium, 
and molybdenum is given in Table IX. The steels were received 
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as 1¥%-inch round bars which had been annealed after rolling. The 
material was tested: 
(a) as received, i.e., in the annealed state, 
(b) oil-quenched from 1800 degrees Fahr. (980 degrees 
Cent.) after a 30-minute anneal and drawn at 50 
degrees Fahr. (260 degrees Cent.) for 30 minutes. 
(c) same as (b) except drawn at 1200 degrees Fahr. 
(650 degrees Cent.) for 30 minutes. 
The testing temperature range was 500 to 1100 degrees Fahr. (260 


Table X 


Increase of Dynamic Hardness at 70-1100 Degrees Fahr. Due to Addition of 0.45 Per Cent 
Molybdenum to 12 Per Cent Carbon Steel (Figs. 31 and 32) 





Pretreatment 70° 500° 600° 700° 800° 900° 1000° 1100°F. 
Oil-quenched from 1800° F. 

Drawn at 1200° F. for 30 min. 30 35 40 48 62 46(?) 52 43 
Oil-quenched at 1800° F. 

Drawn at 500° F. for 30 min. 20 26 29 29 35 47 53 36 
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Figs. 33 and 34—Brinell Hardness of a Plain 
and a Molybdenum-Bearing 12 Per Cent Chro- 
mium Steel After Testing at Elevated Tem- 


ratures in Relation to Pretreatment and 
emperature. 


to 595 degrees Cent.) and the impact energy 40 inch-pounds. A 
second sample was used for the duplicate test and all specimens were 
heated at the same time for 2 hours at temperature. The dynamic 
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hardnesses are plotted in Figs. 31 and 32 for the plain and the 
molybdenum-bearing steel, respectively. The mean Brinell hardnesses 
after cooling to room temperature are presented in Figs. 33 and 34. 

The hardness curves at room and elevated temperatures ob- 
tained on the same sample after different pretreatments show far- 
going analogies. The as-delivered, annealed steels soften gradually 
with rising temperatures, a slight arrest taking place around 900 
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degrees Fahr. (480 degrees Cent.) in the molybdenum-bearing ma- 
terial. 

Annealing at 1800 degrees Fahr. (980 degrees Cent.) dissolves 
the carbides and martensite forms on quenching. The small loss of 
hardness on drawing at 500 degrees Fahr. (260 degrees Cent.) may 
be due to a release of quenching stresses. (Table IX.) Drawing at 
1200 degrees Fahr. (650 degrees Cent.) causes a more distinct 
softening which is less pronounced in the molybdenum-bearing 
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steel than in the plain one, namely 26 Brinell versus 55 Brinel]. 
The tempering time was only 30 minutes. 

The dynamic hardness curves of both steels show an arrest of 
the downward trend around 500 degrees Fahr. (260 degrees Cent.) 
and a distinct rise at about 700 degrees Fahr. (370 degrees Cent.). 
This hardness maximum coincides with a temper brittleness which 
other investigators have observed by impact tests in a similar stee] 
after air cooling from 500 degrees Fahr. (260 degrees Cent.) and by 
a retarded drop in the tensile-temperature curves. An abrupt change 
in upsetting tests with a maximum at 400 to 500 degrees Fahr. (205 
to 260 degrees Cent.) was found not only in austenitic, but also in 
martensitic and pearlitic steels. 

A drastic softening occurs at temperatures exceeding 900 degrees 
Fahr. (480 degrees Cent.) according to the dynamic hardness tests, 
which thus agree with hot tensile tests by Hatfield on a hardened 
12 per cent chromium steel. As the stability up to about 900 degrees 
Fahr. (480 degrees Cent.) depends on the stability of martensite, 
room temperature tests on samples drawn at rising temperatures 
furnish the same information and explain the analogy of the curves 
in Fig. 31 versus 33 and Fig. 32 versus 34. The poor performance 
of the as-delivered annealed material is attributable to the destruc- 
tion of the martensitic structure. 

In spite of its lower chromium and carbon content, the molyb- 
denum-bearing steel shows a greater dynamic hardness at elevated 
temperatures than the plain. The differences become the greater 
the higher the temperature. (Table X.) 

In general, the dynamic hardness at elevated temperatures re- 
mains the higher, the greater the initial hardness with reference to 
heating times of 2 hours prior to testing. The beneficial effect 
of molybdenum may be attributed to an increase of the absolute 
hardness of the 12 per cent chromium steel and to a stabilization of 


its martensite. 


(g) Discussion 


The usefulness of dynamic hardness testing at elevated tem- 
peratures is brought out in a striking manner by contrasting the 
behavior of a variety of steels in the same diagram. Fig. 35 shows 
the softening of a chromium-tungsten-silicon and a_tungsten- 
chromium-vanadium die steel, of a plain and molybdenum-bearing 12 





1942 HARDNESS TESTING 1457 


per cent rustless iron, and of two 18-8 with high carbon, high silicon 
and with low carbon, low silicon contents. The diagram furthermore 
includes a representative of the high temperature, scale resistant 
chromium-nickel steel, containing 26.1 per cent chromium and 18.90 
per cent nickel, 0.94 per cent silicon, and 0.11 per cent carbon. While 
this steel is relatively soft at ordinary temperatures, it is known to 
behave quite “tough” in commercial hot working operations. | 

As can be seen, the resistance to plastic deformation does not 
necessarily decrease uniformly with rising temperatures. Retarda- 
tions in the softening, even sudden increases of hardness may occur. 
The superiority of the 26-19 chromium-nickel steel at temperatures 
exceeding 1200 degrees Fahr. (650 degrees Cent.) becomes apparent. 
In spite of their greater initial hardness at low temperatures, the 12 
per cent chromium steels suddenly soften at about 900 degrees Fahr. 
(480 degrees Cent.). The return to the condition of the annealed 
state is even more drastic with the die steels. Fig. 35 indicates that 
the strength at high temperatures is fundamentally related to the 
presence of austenite and to alloying elements such as nickel and 
chromium. However, the presence of martensite and austenite alone 
is not sufficient. Their absolute hardness, melting point and heat sta- 
bility enter the picture. These properties may be influenced by various 
alloy additions and thermal treatments. 

Alloys with low melting points or solidus points, eutectics are 
hardly useful for high temperature work. As the hardness curves 
approach zero at temperatures close to the melting point, the hard- 
ness curve of, say, a low melting high speed steel must intersect the 
hardness curve of a mild steel. The room temperature hardnesses are 
obviously meaningless. 
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(1) SUMMARY 


Literature data on dynamic hardnesses of metals and alloys at 
elevated temperatures are graphically presented and discussed briefly 
in Part A with the object of demonstrating the potentialities of the 
dynamic hardness testing method. The materials investigated were: 
copper (16), (26), copper-nickel and copper-iron (15), aluminum 
(16), (26), nickel (16), (17), antimony, lead, magnesium, tin and 
zinc (16), “pure” iron (16), (26), (27), wrought iron (20), cast 
iron (23), transformer iron (19), plain carbon steels (13), (14), 
(20), (25), (27), low alloy steels (13), (14), (25), -austenitic nickel 
steel (19), high speed steels (12), (13), (21), (22) and “Stellite” 
(13). The testing method has been successfully employed by previ- 
ous investigators in solving certain practical problems and has served 
as a supplementary testing method in the study of physical proper- 
ties at elevated temperatures. The dynamic hardness tester has re- 
vealed a number of metallurgical phenomena at elevated tempera- 
tures. 

Regarding the author’s investigations (Part B), three die steels 
of 4.58, 11.48 and 15.20 per cent tungsten were studied dynamically 
at elevated temperatures in relation to different thermal pretreat- 
ments. The impact hardness up to the point of drastic softening 
was found to be the higher the greater the initial temper hardness 
and, generally, the higher the hardening temperature. Dynamic hard- 
ness tests indicate that the 11.48 per cent tungsten die steel may be 
replaced by a 4.58 per cent tungsten steel of higher chromium and 
silicon content. The dynamic hardness tests revealed temperatures 
of pronounced softening. Data of this kind would serve as a useful 
guide in avoiding critical temperature ranges in service. The room 
temperature Brinell hardness may not change at all after heating 
to 1200 degrees Fahr. (650 degrees Cent.), while, at elevated tem- 
peratures, marked softening may set in at slightly over 1000 degrees 
Fahr. (540 degrees Cent.). 

The hardening effect of silicon additions of 0.47 to 3.77 per cent 
to 18-8 chromium-nickel steel in lieu of carbon was. quantitatively 
determined by dynamic hardness tests at elevated temperatures. In 
low-carbon 18-8, the dynamic hardness between 600 and 2200 de- 
grees Fahr. (315 and 1205 degrees Cent.) is a straight line function 
of the silicon content. The same holds for high-carbon 18-8 outside 
of the temperature range of carbide precipitation, which causes 4 
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marked increase of dynamic hardness at 1200 and 1400 degrees 
Fahr. (650 and 760 degrees Cent.). A low-carbon, high-silicon 
steel has a higher dynamic hardness at 1800 to 2200 degrees Fahr. 
(980 to 1205 degrees Cent.) than high-carbon, low-silicon 18-8. 
Dynamic hardness tests at 1600 degrees Fahr. (870 degrees Cent.) 
showed the release of work hardness to be retarded due to additions 
of silicon, which apparently raises the recrystallization temperature. 
High-temperature dynamic hardness curves and room-temperature 
Brinell curves of high- and low-carbon 18-8 containing rising addi- 
tions of silicon show marked differences. 

An addition of 0.45 per cent molybdenum increases the dynamic 
hardness of 12 per cent chromium steel. The differences in hardness 
between the plain and the molybdenum-bearing steel become the more 
pronounced the higher the testing temperature up to about 1000 
degrees Fahr. (540 degrees Cent.). The higher the initial temper 
hardness of 12 per cent chromium steel the higher the dynamic 
hardness at elevated temperatures even somewhat beyond the point 
of drastic softening at 900 degrees Fahr. (480 degrees Cent.). 

Due to its austenitic structure, a 26-19 chromium-nickel steel has 
a higher dynamic hardness at temperatures exceeding 1400 degrees 
Fahr. (760 degrees Cent.) than heat treated chromium-tungsten- 
silicon and tungsten-chromium-vanadium die steels, hardened plain 
and molybdenum-bearing 12 per cent chromium steel, although the 
latter four steels possess a notably higher room-temperature dynamic 
hardness than 26-19 chromium-nickel steel. Room temperature hard- 
ness tests apparently do not permit making predictions on the 
‘ behavior of these steels at elevated temperatures. 

The dynamic hardness testing method has been employed in the 
present experiments up to 2200 degrees Fahr. (1205 degrees Cent.), 
i.e. at temperatures where static hardness testers practically fail to 
operate. Many service conditions and hot working operations such 
as riveting, forging, cogging, rolling, etc., are more nearly imitated 
by dynamic tests than by static. 
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DISCUSSION 


Written Discussion: By S. R. Williams, professor of physics, Amherst 
College, Amherst, Mass. 

The contribution made by Mr. Fetz to the subject of dynamic testing is a 
valuable one. Not only has he opened the way to testing materials at high 
temperatures, but the method is available for ordinary testing at room tem- 
peratures. 5 

In a recent paper’ I called attention to the need of such research work 
and it is gratifying to find so valuable an investigation already at hand. 

I would like to raise the question with Mr. Fetz as to whether he intends 


E 
to carry on his research and find if Martel’s finding — Const. holds for our 


modern new steels with increased hardnesses over that at Martel’s command. 

My own feeling is that Martel really had something which we today have 
missed in the “art of dynamic hardness testing.” 

I hope someone may very soon take the Knoop indenter and apply it to 
dynamic testing. I should like to see the angle on the shorter diagonal made 
much sharper and then use small values of mass to the falling body to which 
the indenter is attached. It would appear that since one may measure both the 
recovered and unrecovered volume of indentation, it would be an important 
tool in measuring hardness. 

This suggestion is quite aware that such a procedure would not be ap- 
plicable to testing on quantity production, but it does recognize the value of its 
research powers. 


_— 
—_——— 


6 bite, Lecture, “‘Hardness and Hardness Measurements,” National Metal Congress, 
ct. 20, 1941. 
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Oral Discussion 


A. V. pe Forest:* This is a very fine piece of work and the author is to 
be complimented for his efforts. There is little to be said about it except that 
it is the most extensive piece of work in the dynamic hardness field that has 
yet been brought to my attention. Certainly there are a great many places 
where the hardness runs parallel to working properties at elevated temperatures. 

That is just the same problem we always have with hardness. Does it 
run parallel with the property we want? If it does, it is the most convenient 
possible method of measuring over an enormous range of materials in all kinds 
of sizes and varieties, and is altogether the most plausible method of getting 
a test which is useful to the mechanical engineer. 

The major point comes in simply establishing the fact that the hardness 
does run parallel with what we want to know. 


*Professor of mechanical engineering, Massachusetts Institute of Technology, Cam- 
bridge, Mass. 





TECHNICAL PROGRAM AND REPORTS OF OFFICERS 
AMERICAN SOCIETY FOR METALS—24th ANNUAL 
CONVENTION, CLEVELAND, OCTOBER 12 to 16, 1942 


OR the benefit of members who were not in attendance at the 
Twenty-fourth Annual Convention of the Society, held in Cleve- 
land, October 12 to 16, 1942, and for purposes of record, the Tech- 
nical Papers Program, the War Products Group Meetings, and Re- 


ports of Officers presented at the annual meeting are herewith pub- 
lished in full. 


TECHNICAL PAPERS PROGRAM 
MONDAY, OCTOBER 12 


Lattice Room, Hotel Statler—9:30 A. M. 
Heat Treatment Session 
Joint Chairmen—M. A. Grossmann and E. G. Mahin 
Effect of Elements in Solid Solution on Hardness and Response to Heat Treat- 
ment of Iron Binary Alloys, by C. R. Austin, Pennsylvania State College. 
Third Element Effects on Hardenability of a Pure Hypereutectoid Iron-Carbon 
Alloy, by C. R. Austin, Pennsylvania State College, W. G. Van Note, 
North Carolina State College, and T. A. Prater, Pennsylvania State Col- 
lege. 
The Ar” Range in Some Iron-C€obalt-Tungsten Alloys, by W. P. Sykes, General 
Electric Co. 
Parlors 1, 2, 3, Hotel Statler—9:30 A. M. 
Steel Properties Session 
Joint Chairmen—Robert Sergesen and N. F. Tisdale 
The Effect of Hardness on the Machinability of Six Alloy Steels, by O. W. 
Boston and L, V. Colwell, University of Michigan. 
Carburizing Characteristics of 0.20 Per Cent Carbon Alloy and Plain Carbon 
Steels, by G. K. Manning, Republic Steel Corp. 
The Metallography of Galvanized Sheet Steel Using a Specially Prepared Pol- 
ishing Medium With Controlled pH, by D. H. Rowland and’O. E. Romig, 
Carnegie-IIlinois Steel Corp. 


Grand Ballroom, Hotel Statler—9:30 A. M.. 
Testing Session 
Joint Chairmen—E. L. Bartholomew and R. L. Templin 

Bursting Tests on Notched Alloy Steel Tubing, by G. Sachs and J. D. Lubahn, 
Case School of Applied Science. 

Notched Bar Tensile Tests on Heat Treated Low Alloy Steels, by G. Sachs 
and J. D. Lubahn, Case School of Applied Science. 

Stress-Strain Measurements in the Drawing of Cylindrical Cups, by E. L. Bar- 
tholomew, Jr., Massachusetts Institute of Technology. 

Fatigue Strength of Normalized and Tempered Versus As-Forged Full Size 
Railroad Car Axles, by O. J. Horger and T..V. Buckwalter, Timken Roller 
Bearing Co. 

‘ Grand Ballroom, Hotel Statler—11:30 A. M. 

Victory Hour—Design for Winning. 

Speaker—Rear Admiral Clark H. Woodward, U.S.N. 
Public Auditorium—2:00 P. M. 
War Production Meetings 
Metallurgical Aspects of the National Emergency Steels. 
Better Practices in the Working and Fabrication of Aluminum Sheet. 
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Public Auditorium—4:00 P. M. 
War Production Meeting 
Training Men and Women for New Jobs. 


Public Auditorium—5:00 P. M. 
Lecture Course on Tool Steels 
Introduction, by James P. Gill, Vanadium-Alloys Steel Co. 
Lecture 1—Definition and Classification of Tool Steels, by H. G. Johnstin. 
Vanadium-Alloys Steel Co. . 
Public Auditorium—8:00 P. M. 
War Production Meetings ~ 
Doing More with What Alloys We Have by Using NE Steels. 
Manufacture and Heat Treatment of Magnesium Castings. 
Salvage of Broken Tools and Maintenance of Equipment. 


TUESDAY, OCTOBER 13 


Lattice Room, Hotel Statler—9:30 A. M. 
- Hardenability Session 
Joint Chairmen—H. J. French and S. F. Urban 

The End-Quench Test: Reproducibility, by Morse Hill, Wright Field. 
The End-Quench Test: Hardenability of Aircraft Steels and Its Representation, 

by Morse Hill, Wright Field. 
eT ae of a One Per Cent Carbon Steel, by G. R. Barrow and 

Gilbert Soler, Timken Roller Bearing Co. 


Grand Ballroom, Hotel Statler—9:30 A. M. 
Molybdenum Steels Session 
Joint Chairmen—F. B. Foley and R. L. Kenyon 
The Alpha Iron Lattice Parameter as Affected by Molybdenum, and an Intro- 
duction to the Problem of the Partition of Molybdenum in Steel, by F. E. 
Bowman, R. M. Parke and A. J. Herzig, Climax Molybdenum Co. 
The Effect of Molybdenum on the Isothermal Sub-Critical Transformation oj 
Austenite in Eutectoid and Hypereutectoid Steels, by J. R. Blanchard, R. 
M. Parke and A. J. Herzig, Climax Molybdenum Co. 
The Effect of Molybdenum on the Rate of Diffusion of Carbon in Austenite, 
by J. L. Ham, R. M. Parke and A. J. Herzig, Climax Molybdenum Co. 
Parlors 1, 2, 3, Hotel Statler—9:30 A. M. 
Research Methods Session 
Joint Chairmen—W. J. Conley and K. R. Van Horn 
The Method of Thin Films for the Study of Intermetallic Diffusion and Chemi- 
ical Reactions at Metallic Surfaces, by H. S. Coleman and H. L. Yeagley, 
Pennsylvania State College. ; 
On the Location of Flaws by Stereo-Radiography, by James, Rigbey, Ford Motor 
Canada 
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Co. of : 
The Fluorescent Penetrant Method of Detecting Discontinuities, by Taber de 
Forest, Magnaflux Corp. 
Grand Ballroom, Hotel Statler—11:30 A. M. 
Victory Hour—Design for Winning. 
Lt. Col. E. G. Strong, Central Procurement Office, Army Air Corps. 
Public Auditorium—2:00 P. M. 
War Production Meeting 
Doing More with Available Tool Steels. 
Public Auditorium—4:00 P. M. 
War Production Meeting 
Interpretation of Magnaflux and Other Surface Inspection Tests. 
Public Auditorium—5:00 P. M. 
Lecture Course on Tool Steels 


Lecture 2—Effect of Alloying Elements, by R. S. Rose, Vanadium-Alloys 
Steel Co. ; 
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Public Auditorium—8:00 P. M. 
War Production Meetings 
Selecting the Proper Die Steels for Mass Production. 
Use and Interpretation of Radiography as an Inspection Method. 
Speeding Production by Improved Metal-Cutting Practice. 





WEDNESDAY, OCTOBER 14 


Grand Ballroom, Hotel Statler—9:00 A. M. 
Annual Meeting of the American Society for Metals 


10:30 A. M. 
1942 Edward de Mille Campbell Memorial Lecture 
by Dr. John Chipman, Professor of Metallurgy, Massachusetts Institute of 
Technology 
Dr. Albert E. White, Chairman 


Public Auditorium—2:00 P. M. 
War Production Meetings 
Making More Steel in Open-Hearth Plants. 
Problems Associated With the Large Expansion of the Steel Foundry Industry. 


Public Auditorium—4:00 P. M. 
War Production Meeting 
Use of Powdered Metals in War Production and Tools. 


Public Auditorium—5:00 P. M. 
Lecture Course on Tool Steels 
Lecture 3—Carbon Tool Steels, by R. B. George, Vanadium-Alloys Steel Co. 


Public Auditorium—8:00 P. M. 
War Production Meetings 
Increasing Yields of Electric Furnaces (Electric Steel Manufacturing). 
Doing More with Low-Alloy and Carbon Steels by Use of Spetial Additions in 
Steel Manufacture (Intensifiers). 
Recruiting, Training and Handling Inspectors of Metallurgical Material. 


THURSDAY, OCTOBER 15 


Grand Ballroom, Hotel Statler—9:30 A. M. 
Session on Formation of Austenite 
Joint Chairmen—E. C. Bain and O. E. Harder 
A Metallographic Study of the Formation of Austenite From Aggregates of 
Ferrite and Cementite in an Iron-Carbon Alloy of 0.5 Per Cent Carbon, by 
T. G. Digges and S. J. Rosenberg, National Bureau of Standards. 
Influence of Initial Structure and Rate of Heating on the Austenitic Grain Size 
of 0.5 Per Cent Carbon Steels and Iron-Carbon Alloy, by T. G. Digges and 
S. J. Rosenberg, National Bureau of Standards. 
The Mechanism and the Rate of Formation of Austenite from Ferrite-Cementite 
Aggregates, by G. A. Roberts, Vanadium-Alloys Steel Co., and R. F. Mehl, 
Carnegie Institute of Technology. 


Parlors 1, 2, 3, Hotel Statler—9:30 A. M. 
Strength of Metals Session 

; Joint Chairmen—A. A. Bates and F. N. Rhines 
The Tantalum-Carbon System, by F. H. Ellinger General Electric Co. 
Influence of Strain Rate on Strength and Type of Failure of Carbon-Molybde- 

num Steel at 850, 1000 and 1100 Degrees Fahr., by R. F. Miller and G. V. 

Smith, U. S. Steel Corp., and G. L. Kehl, Columbia University. 
Rupture Tests at 200 Degrees Cent. on Some Copper Alloys, by E. R. Parker 
and C. Ferguson, General Electric Co. 
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Lattice Room, Hotel Statler—9:30 A. M. 
Steelmaking Session 
Joint Chairmen—G. Derge and H. K. Work 
Corrosion of Water Pipes in a Steel Mill, by C. L. Clark, Timken Roller Bear. 
ing Co., and W. J. Nungester, University of Michigan. 
A Study of the Iron-Rich Iron-Manganese Alloys, by A. R. Troiano, University 
of Notre Dame, and F. T. McGuire, University of Kentucky. 
The Induction Furnace as a High Temperature Calorimeter and the Heat oj 
Solution of Silicon in Liquid Iron, by John Chipman and N. J. Grant, Mas- 
sachusetts Institute of Technology. 


Grand Ballroom, Hotel Statler—11:30 A. M. 
Victory Hour—Design for Winning. 
Colonel H. M. Reedall, Executive Officer, Cleveland Ordnance District. 


Public Auditorium—2:00 P. M. 
War Production Meetings 
Speeding the Job by Better Production Heating for Softening (Prior to Hot 
Work, or for Annealing). 
Making Better and Prompter Use of Secondary Metals. 


Public Auditorium—4:00 P. M. 
War Production Meeting 
Practical Programs for Segregation, Collection and Reclamation of Metal Scrap 


Public Auditorium—5:00 P. M. 
Lecture Course on Tool Steels 
Lecture 4—Chromium and Tungsten Steels for Hot or Cold Work, by G. A. 
Roberts, Vanadium-Alloys Steel Co. 


FRIDAY, OCTOBER 16 


Grand Ballroom, Hotel Statler—9:30 A. M. 
Tool Steels Session 
Joint Chairmen—J. P. Gill and L. L. Wyman 

The Hardening of Tool Steels, by Peter Payson and J. L. Klein, Crucible Stee! 
Company of America. 

The Kinetics of Austenite Decomposition in High Speed Steel, by Paul Gordon 
and Morris Cohen, Massachusetts Institute of Technology, and Robert S 
Rose, Vanadium-Alloys Steel Co. 

The Tempering of Two High-Carbon High-Chromium Steels, by Otto Zmeskal, 
Illinois Institute of Technology, and Morris Cohen, Massachusetts Institute 
of Technology. 


Parlors 1, 2, 3, Hotel Statler—9:30 A. M. 
Session on Cold Work 
Joint Chairmen—V. N. Krivobok and P. T. Stroup 

Some Aspects of Strain Hardenability of Austenitic Manganese Steel, by D 
Niconoff, Republic Steel Corp 

The Precipitation Reaction in hed Cold-Rolled One Per Cent Cd-Cu: Its Ef- 
fects on Hardness, Conductivity, and Tensile Properties, by R. H. Har- 
rington and L. E. Cole, General Electric Co. 

The Effect of Moderate Cold Rolling on the Hardness of the Surface Layer 0! 
0.34 Per Cent Carbon Steel Plates, by Harry K. Herschman, National 
Bureau of Standards. 


Lattice Room, Hotel Statler—9:30 A. M. 
Session on Non-Ferrous Alloys 
oint Chairmen—C. L. Clark and Howard Scott 
The Metallograph Y of Commercial eee Alloys, by J. B. Hess and P. F. 
George, The Dow Chemical Co. 
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Study of Inverse Segregation Suggests New Method of Making Certain Alloys, 
by M. L. Samuels, Babcock and Wilcox Tube Co., A. R. Elsea and K. 
Grube, Battelle Memorial Institute. 

Effects of Various Solute Elements on the Hardness and Rolling Texture of 
Copper, by R. M. Brick, Yale University, D. L. Martin, General Electric 
Co., and R, P. Angier, Handy & Harman. 


Public Auditorium—2:00 P. M. 
War Production Meetings 
Speeding the Job by Better and Faster Production Hardening. 
Getting By with Low Tin Alloys. 


Public Auditorium—4:00 P. M. 
War Production Meeting 
Methods and Materials for Surface Protection. 


Public Auditorium—2:00 P. M. 
Lecture Course on Tool Steels 
Lecture 5—High Speed Steels, by James P. Gill, Vanadium-Alloys Steel Co. 


WAR PRODUCTS GROUP MEETINGS 


In order to concentrate on Increased Production of War Products—the general 
theme of this War Production Edition of the National Metal Congress—all 
A.S.M. Technical Sessions were held in the mornings, leaving afternoons and 
evenings open for group meetings on Increased Production of War Products. 
These meetings were patterned after the successful forums of last year’s con- 
vention. A panel of experts sat before microphones; each in turn giving 
a 10-minute off-the-record discussion of his specialty, and ansqwered questions 
from the audience. The subject was then opened for general discussion by the 


audience, and finally the swummarizer emphasized the important points that had 
arisen, 


Monday, October 12 


Public Auditorium—2:00 P. M. 

Metallurgical Aspects of the National Emergency Steels 
Chairman—Charles M. Parker, Secretary of General Technical Committee, 
American Iron & Steel Institute 
Summarizer—Marcus A. Grossmann, Director of Research, Carnegie-I|linois 

Steel Corp. 
The End-Quench Test for Hardenability and Its Application, by Walter E. 
foueey, Chief Metallurgist, Dodge-Chicago Plant, Division of Chrysler 
orp. 

S-Curves of NE Steels, and Their Use in the Planning of. Heat Treatment 
Schedules, by R. L. Rickett, Research Laboratory, U. S. Steel Corp. 
Hardenability and Uniformity of NE Steels, and a Comparison with S.A.E. 
Steels, by Glenn C. Riegel, Chief Metallurgist, Carterpillar Tractor Co. 
Physical Properties of NE Steels at Normal and Sub-Normal Temperatures, 

by Joseph H. Jones, Republic Steel Corp., Massillon. 
Annealing the NE Steels for Machinability (Fast Schedules for Desirable Mi- 
crostructures), by Lloyd E. Webb, Metallurgist, Frost Gear & Forge Co. 
Heat Treating and Carburizing NE Steels (Speed and Character of Case), by 
_ Thomas A. Frischman, Chief Metallurgist, Axle Division, Eaton Mfg. Co. 
General Discussion by the Audience. 
Questions and Answers. 
Summary of Important Points, by Marcus A. Grossmann. 
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Public Auditorium—2:00 P. M. 

; Better Practices in the Working of Aluminum Sheet 
Chairman—Reid B. Gray, Chief of Laboratories, Glenn L. Martin Co. 
Summarizer—Edgar H. Dix, Jr., Assistant Director and Chief Metallurgist 

_ Aluminum Research Laboratories, Aluminum Co. of America ‘ 

Forming Characteristics (Deep Drawing Properties) and Tests Therefor, by 
V. N. Krivobok, Chief Metallurgist, Lockheed Aircraft Corporation. ; 

Proper Heat Treatment for Formability, Strength, or High Corrosion Re- 
sistance, by John W. Dunn, Director of Quality, Curtiss-Wright Corp, 
Airplane Division. 

Hardness Tests; Their Relationship to Strength, and Their Limitations, by 
Richard L. Templin, Assistant Director and Chief Engineer of Tests, Alu- 
minum Company of America. 

S ae elding in Production, by E. S. Jenkins, Curtiss-Wright Corp., Airplane 

ivision. ‘ 

Correct Anodizing and Other Surface Treatments, by Ralph Petit, Aluminum 
Company of America. 

Questions and Answers. 

Summary of Important Points, by Edgar H. Dix, Jr. 


Public Auditorium—4:00 P. M. 
Training Men and Women for New Jobs 

Chairman—Oscar Grothe, Vice-President, White Sewing Machine Co., and 

District Representative, War Manpower Commission 
Summarizer—W. T. Clayton, Manager, Aircraft Training Division, 
Goodyear Aircraft Corp. 

A Demonstration of Aptitude Tests for Selecting Trainees, by Joseph F. Kopas, 
Director, Testing & Guidance Dept., Fenn College. 

The Fundamental Plan for Job Instructor Training (“Teaching the Teacher 
How to Teach’), by L. O. Mellen, Assistant District Representative, Train- 
ing Within Industry Division, War Manpower Commission. 

Demonstration of Technique of Training the Job Instructor, by C. D. Heiser, 
Training Consultant, “Training Within Industry”, War Manpower Com- 
mission. 

How It Works in a Metallurgical Plant, by Lloyd G. Depner, Training Super- 
visor, Cuyahoga Works, American Steel & Wire Co. 

Questions and Answers. 

Summary of Important Points, by W. T. Clayton. 


Public Auditorium—8:00 P. M. 
Doing More With What Alloys We Have by Using NE, Steels (Successes and 
Difficulties Experienced by Large Users) 
Chairman—John Mitchell, Metallurgical Engineer, Alloy Steels, Carnegie- 
Illinois Steel Corp. 

Summarizer—Herbert J. French, Technical Consultant, War Production Board, 

and Charge of Alloy Steel & Iron Development, International Nickel Co., Inc. 

Experience in Use of NE Steels by the Automotive Truck and Allied Indus- 
tries, by W. Paul Eddy, Jr., Metallurgist, General Motors Truck & Coach 
Division. 

Experience in Use of NE Steels by the Oil Well Drilling and Equipment In- 
dustries, by B. B. Wescott, Gulf Research & Development ‘Co. 

Experience in Use of NE Steels by the Tractor and Farm Implement Indus- 
tries, by Hyman Bornstein, Chief Metallurgist, Deere & Co. 

Experience in Use of NE Steels by the Aircraft Engine Manufacturers, by 
Robert L. Heath, Chief Metallurgist, Allison Engine Division, General 
Motors Corp. 

Experience in Use of NE Steels by the Machine Tool Builders, by H. Stanley 
Binns, Metallurgist, Cincinnati Milling Machine Co. 
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VE Steels From the Steel Producer’s Standpoint, by Charles H. Herty, Jr., 
"Assistant to Vice-President, Bethlehem Steel Co. 

(Questions and Answers. 

Summary of Important Points, by Herbert J. French. 


Public Auditorium—8:00 P. M. 

Manufacture and Heat Treatment of Magnesium Castings 
Chairman—Arthur W. Winston, Foundry Division, Dow Chemical Co. 
Summarizer—V. N. Krivobok, Chief Metallurgist, Lockheed Aircraft Corp. 
Formulation and Control of Foundry Sand, by William F. Rose, Chief of Sand 

Laboratory, Wright Aeronautical Corp. 

Core Sand and Core Making Problems, by M. E. Gantz, American Magnesium 
Corp. 

Precautions in Melting and Pouring Magnesium, by Manley E. Brooks, Foundry 
Metallurgist, Dow Chemical Co. 

Labor Saving Methods in Founding and Cleaning. 

Heat Treatment of Castings, and Requirements for Idle Furnaces That May Be 
Converted, by Robert T. Wood, Chief Metallurgist, American Magnesium 
Corp. 

Inspection Problems, by L. E. Pearch, Wellman Bronze & Aluminum Co. 

Questions and Answers. 

Summary of Important Points, by V. N. Krivobok. 


Public Auditorium—8:00 P. M. 
Repair of Worn and Broken Tools and Salvage of Scrap Tool Steel 
Chairman—Joseph V. Emmons,. Chief Metallurgist, Cleveland Twist Drill Co. 
Summarizer—W. H. White, Director of Sales, Atlas Steels Limited. 
Organizing the Shop for Tool Salvage, by L. K. Vry, War Production Board. 
Talkie Film on Tool Steel Conservation, by H. W. Hecht, Research Bureau, 
International Harvester Co. 

Recutting (by Grinding) of Worn Side Mills, End Mills and Reamers, by John 
P. Kline, President, Tool Salvage and Mfg. Co. 

Repair of Cracked and Broken Saws, Circular Cutters, and Other Tools by 
Welding, by Bent Laune; Engineer, Eutectic Welding Alloys, Inc. 

Repaired Tools, From\the Standpoint of the Man Who Has to Use Them, by 
Allen G. Shepherd, Jr., Metallurgist, Taft-Peirce Mfg. Co. 

Recovery of Scrapped Tools—Even Toolroom Grindings, by Joseph V. Em- 
mons, Chief Metallurgist, Cleveland Twist Drill Co. 

Questions and Answers. 


Summary of Important Points, by W. H. White, Director of Sales, Atlas Steels 
Limited. 


Tuesday, October 13 


Public Auditorium—2:00 P. M. 
Doing More With Available Tool Steels 
j Chairman—A. H. d’Arcambal, Vice-President, Pratt & Whitney 
Summarizer—James P. Gill, Chief Metallurgist, Vanadium-Alloys Steel Co. 
The Critical Situation in Tool Alloys, by Burns George, Technical Consultant, 
Tool & Die Steel Unit, War Production Board. 
Cutting Tools Containing Little or No Vanadium; Heat Treatment and Use, 
_ by David I. Dillworth, Halcomb Steel Div., Crucible Steel Co. of America. 
Savings Through Standardization to Both Manufacturer and User, by Norman 
I. Stotz, Metallurgical Engineer, Universal-Cyclops Steel Corp. 
Saving Alloys in Tool Materials by Use of Inserts and Tips, by Donald G. 
Clark, Vice-President, Firth-Sterling Steel Co. 
Developments in the Art of High Speed Cutting of Harder Steels, by Hans 
Ernst, Research Director, Cincinnati Milling Machine Co. 
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Conservation and Salvage of Cutting Tools (Tool Steels), by H. W. Hecht 
International Harvester Co. 
uestions and Answers. 
ummary of Important Points, by James P. Gill. 


Public Auditorium—4:00 P. M. 
Interpretation of Magnaflux and Other Surface Inspection Tests 
Chairman—Alfred V. de Forest, Professor of Mechanical Engineering, 
Massachusetts Institute of Technology 

Summarizer—E. C. Bain, Assistant to Vice-President, United States Steel Corp 

Interpretation, Potency, Standards and Correct Application of Magnaflux jy 
Steel Bar Manufacture, by A. D. Beeken, Jr., Metallurgist, Vulcan Crixi- 
ble Steel Co. 

Interpretation, Potency, Standards and Correct Application of Magnaflux Te:t. 
ing of Finished Parts, by John Goldthwaite, Special Projects Engineer 
Allison Engine Division, General Motors Corp. 

Interpretation, Potency, Standards and Correct Application of Magnaflux Tesi- 
ing of Steel Locomotive Parts and Railroad Rolling Stock, by Ray Mc. 
Brian, Engineer of Standards and Research, Denver & Rio Grande Wes- 
ern Railway Co. 

Use of Fluorescent Liquids to Locate Surface Defects, by Greer Ellis, Techri- 
cal Manager, Zyglo Div., Magnaflux eg 

Use of Chromate and Other Dips to Prove Sound Surfaces on Alwminum ani 
Magnesium Parts, by P. V. Faragher, Aluminum Co. of America. 

Electro-magnetic Inspection of Tubing, Strip, Rod, etc., for Uniformity, by 
Horace C. Knerr, President, Metlab, Inc. 

Questions and Answers. 

Summary of Important Points, by E. C. Bain. 


Public Auditorium—8:00 P. M. 
Selecting the Proper Die Steel for Mass Production 
Chairman—Benjamin F. Shepherd, Chief Metallurgist, Ingersoll-Rand Co. 
Summarizer—H. E. Replogle, Universal-Cyclops Steel Corp. 

Die Steels for Manufacturing Die Castings, by Joseph C. Fox, Chief Meta- 
lurgist, Doehler Die Casting Co. 

Improving the Life and Accuracy of Steel Forging Dies, by J. A. Succop, Metal- 
lurgist, Heppenstall Co. | 

Ways and Means of Increasing Die Life in the Cupping and Deep Drawing 0! 
Brass, by W. N. Van Tassel, Metallurgist, Scovill Mfg. Co. 

Dies for Hot Forging of Aluminum (Hammers and Presses), by L. W. Davis, 
Chief Metallurgist, Forgings Division, Aluminum Co. of America. a 

Dies for Stamping and Drawing of Aluminum Sheet, by V. N. Krivobok, Chie! 
Metallurgist, Lockheed Aircraft Corp. 

Standardization of Drawing Dies for Small Arms Ammunition, by A. E. Glen, 
Assistant to General Sales Manager, Carboloy Co., Inc. 

Questions and Answers. 

Summary of Important Points, by H. E. Replogle. 


Public Auditorium—8:00 P. M. 

Speeding Production by Improved Metal-Cutting Practices 
Chairman—Hans Ernst, Research Director, Cincinnati Milling Machine Co. 
Summarizer—Orlan W. Boston, Professor of Metal Processing, University ©! 

Michigan r 
Best Metallurgical Conditions for Machinability, by Harry B. Knowlton, Chie! 
Metallurgist, Gas Power Engineering Dept., International Harvester (. 
Improving Machinability of Steel by Severe Cold Working, by Frederic /. 
Robbins, Metallurgical Engineer, Bliss & Laughlin, Inc. 
Cutting Aluminum Extrusions at Cyclonic Speed. 


Recent Developments in Hard Carbides, by H. W. Highriter, Development E- 


gineer, Vascoloy-Ramet Corp. 
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Increasing Tool Life and Work-Quality by Better Tool Finishing, by W. H. 
Wagner, Research Engineer, Norton Company. 

Cutting Fluids and Proper Use, by Oscar Maag, Lubricating Engineer, Timken 
Roller Bearing Co. 

Questions and Answers. 

Summary of Important Points, by Orlan W. Boston. 


Public Auditorium—8:00 P. M. 

Use and Interpretation of Radiography as an Inspection Method 
Chairman—H. H. Lester, Principal Physicist, Watertown Arsenal 
Summarizer—Kent R. Van Horn, Research Metallurgist, Aluminum Co. of 
America 
Selection and Training of Operators, by O. R. Carpenter, Babcock and Wilcox 


0. 

Standardization of Technique and Material in Production, by Tom A. Triplett, 
President, Triplett & Barton. 

Acceptance and Rejection Standards for Light Alloy Castings, by W. H. Bur- 
roughs, Assistant Chief Inspector, Glenn L. Martin Aircraft Co. 

Sampling (Determination of Proportion of Castings That Sould be Radio- 
graphed), by James H. Bly, Materials Control Laboratory, Pratt & Whit- 
ney Aircraft Division. 

Limitations of Radiography as an Inspection Method (Proper and Improper 
Applications), by Vernon Wiegand, Wright Aeronautical Corp. 

New Developments in Equipment, Films, Technique, by L. W. Ball, National 
Research Laboratories of Canada. 

Reports, Techniques, and Standard Practices to Comply with Government 
Specifications, by Robert Katz, Radiologist, Materiel Center, Army Air 
Forces, Wright Field. 

Questions and Answers. 

Summary of Important Points, by Kent R. Van Horn. 


Wednesday, October 14 


Public Auditorium—2:00 P. M. 

Making More Steel in Our Open-Hearth Plants 
Chairman—Wm. C. Buell, Jr., Steel Plant Consultant, Arthur G. McKee & Co. 
Summarizer—Earle C. Smith, Chief Metallurgist, Republic Steel Corp. 
| Speeding Charging Time by (a) Trimmer Charge Boxes, (b) Close Timing of 
Charging Drags, (c) Handling Hot Metal, by J. M. Cahill, Open-Hearth 

Superintendent, Republic Steel Corp. 

Long and Uninterrupted Furnace Campaigns (Roof Maintenance, Hot Repairs, 
Refractory Qualities, Short Rebuilding Time), by L. A. Smith, Refractories 
Engineer, Jones & Laughlin Steel Corp. 

Working of High Iron Charges by (a) Minimizing Silicon in Basic Iron, (b) 
Disposal of Run-Off Slag, (c) Oxidation With Ore or Stone, by Vernon 
W. Jones, Assistant Superintendent, Open-Hearth Department, American 
Rolling Mill Co. 

The Open-Hearth as a Direct Reducer of Iron From Ore: (a) Precautions to 
Avoid Loss of Production and Quality, (b) Comparative Value of Lump 
Ore, Sinter, or Briquettes, by Clyde Denlinger, Open-Hearth Superintend- 
ent, Bethlehem Steel Co. 

Making the Most of Scrap by (a) Segregation by Alloy Content, (b) Schedul- 
ing Use of Sub-Standard Grades, by Gilbert Soler, Manager of Research, 
Timken Roller Bearing Co. 

Cooperation With Blooming Mill to Get Maximum Yield From Ingots (Also 
Good Pit Practices to Achieve Same Ends), by E. G. Hill, Assistant Gen- 
eral Superintendent, Gary Works, Carnegie-Illinois Steel Corp. 

Solving the Personnel Problem in the Expansion of Plants and Loss of Key 
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Men to_the Services, by E. A. Schwartz, Chairman, Open-Hearth Cop. 
mittee, Republic Steel Corp. r 
Questions and Answers. 
Summary of Important Points, by Earle C. Smith. 


Public Auditorium—2:00 P. M. 
Problems Associated with the Large Expansion of the Steel Foundry Indust, 
Chairman—Frank G. Steinebach, Editor, The Foundry ' 
Summarizer—Charles W. Briggs, Technical Advisor, Steel Founders’ Socie: 
of America a 
The Problem of Obtaining Adequate Melters and Molders, by F. A. Melmoth 
Vice-President, Detroit Steel Casting Co. 
The Long Range Personnel Problem; Apprentice Training Programs, by Elme; 
Reynolds, Apprenticeship Field Representative, Federal Security Agency. 
Conversion of Iron Foundries Into Steel Foundries. : 
Converting Cupola Iron to Steel, by W. J. Phillips, Assistant General Map 
ager, Symington-Gould Corp. 
Duplex (or Triplex) Steel—Cupola to Converter to Electric Furnace, by A. W 
Gregg, Executive Engineer, Whiting Corp. 

Scraping up the Scrap (and Other Raw Materials), by W. W. McMillen, Px. 
chasing Agent, National Malleable & Steel Castings Co. ; 
Conversion of Idle Furnace Equipment to the Heat Treatment of Steel Casting: 

by Charles S. Pearce, Managing Director, Porcelain Enamel Institute. 
Questions and Answers. 
Summary of Important Points, by Charles W. Briggs. 


Public Auditorium—4:00 P. M. 
Use of Powdered Metals in War Products and Tools 
Chairman—Andrew J. Langhammer, Manager, Amplex Division, Chrysler Cor; 
Summarizer—Philip M. McKenna, McKenna Metals Co. 
Rew Material, Processes and Uses of Copper Powders, by Paul E. Weingart. 
U. S. Metals Refining Co. 
Supply of Necessary Non-Ferrous Powders to Blend With Copper, by Dor 
Noel, Metals Disintegrating Co. ; 
Manufacture of Iron Powder of High Quality, by John Wulff, Associate Pro- 
fessor, Department of Metallurgy, Massachusetts Institute of Technolor 
Substitution of Iron for Non-Ferrous Powders, by Earl S. Patch, Sales Mar- 
ager, Moraine Products Division, General Motors Corp. 
Supply and Use of Tungsten Powders for Tools and Electrical Equipmen: 
by Zay Jeffries, Chairman of the Board, The Carboloy Co. 
Recent Achievements in Powder Metallurgy, by Gregory J. Comstock, Proje: 
sor, Stevens Institute of Technology. 
Questions and Answers. 
Summary of Important Points, by Philip M. McKenna. 


Public Auditorium—4:00 P. M. 
Using Less Alloys in Steel Melting by the Use of Addition Agents (Intensifier: 
Chairman—Carl C. Henning, General Metallurgist, Jones & Laughlin 
Steel Corp. 
Summarizer—L. E. Ekholm, Metallurgical Engineer, Alan Wood Steel Co. 
How to Use These Addition Agents, by F. M. Washburn, Superintendent « 
Testing, Wisconsin Steel Works, International Harvester Co. | 
What Alloys Can Be Saved, by Walter Crafts, Metallurgist; Union Carbide ‘ 
Carbon Research Laboratories. 
What Types of Steel Can be Benefited, by A. W. Demmler, Metallurg? 
ineer, Vanadium Corp. of America. , 
Extra Properties Obtainable in a Treated Steel, by George F. Comstock, Meta! 
lurgist, Titanium Alloy Mfg. Co. 
Questions and Answers. 
Summary of Important Points, by L. E. Ekholm. 
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Public Auditorium—8:00 P. M. 

Increasing the Yield of Electric Furnaces (Electric Steel Practice) 
Chairman—J. H. Chivers, Melting Superintendent, Firth-Sterling Steel Co. 
Summarizer—David J. Giles, Vice-President, Latrobe Electric Steel Co. 

Minimizing Down-Time Between Heats, by Harry F. Walther, Assistant Super- 
intendent of Melting, Timken Roller Bearing Co., Steel & Tube Division. 

Speeding Output by Use of Hot Metal and Duplexing, by R. J. McCurdy, 
Superintendent, Electric Furnace, Republic Steel Corp. 

Proper Relationship of Power Input, Transformers, and Furnace Size, by W. B. 
Wallis, President, Pittsburgh Lectromelt Furnace Corp. 

Essential Nature of Chemical Reactions, and How to Provide for Them in 
Shortest Time, by Harold E. Phelps, Electric Furnace Superintendent, 
Rotary Electric Steel Co. 

Can “Electric Steel” Quality be Got from Open-Hearth Steel?, by Ernest R. 
Johnson, Assistant Chief Metallurgical Engineer, Alloy Division, Republic 
Steel Corp. 

Special Handling of Tender Analyses, by J. H. Chivers, Firth-Sterling Steel Co. 

Questions and Answers. 

Summary of Important Points, by David J. Giles. 


Public Auditorium—8:00 P. M. 

Recruiting, Training and Handling Inspectors of Metallurgical Materiel 
Chairman—William E. Wickenden, President, Case School of Applied Science 
Summarizer—Max Robinson, Acting Dean, School of Engineering, 
Fenn College 
Recruiting of Inspection Personnel, by Edward Schweid, Recruiting Specialist, 

U. S. Civil Service Commission. 

Metallurgical Fundamentals of the Training Course, by LeRoy L. Wyman, 
Research Laboratory, General Electric Co. 

Coordination of Class-Room Work With Training on the Job, by Lt. Col. 
George M. Enos, Cincinnati Ordnance District. 

Latitude of Inspection, in Terms of Meeting Both the Intent of the Specifica- 
tions and the Production Schedule, by John W. W. Sullivan, Director of 
Training, Cleveland Ordnance District. 

Vomen as Inspectors, by C. A. McKeeman, Director of War Training, Case 
School of Applied Science. 

Managing a Large Inspection Staff, by Maurice N. Hester, Chief Inspector, 
Willys-Overland Motors, Inc. 

Questions and Answers. 

Summary of Important Points, by Max Robinson. 


Thursday, October 15 


Public Auditorium—2:00 P. M. 
Making Better and Prompter Use of Secondary Metals 

Chairman—Frederic W. Willard, President, Nassau Smelting & Refining Co. 
Summarizer—E. E. Thum, Editor, Metal Progress 

Putting Scrap Into Copper Alloy Ingots That Meet Ordnance Requirements, 
by William Romanoff, Vice-President and Technical Superintendent, H. 
Kramer & Co. 

Aluminum Secondaries (Harmful and Harmless “Impurities”), by Walter Bon- 

_ sack, Chief Metallurgist, National Smelting Co. 

Tin —— by Frederic W. Willard, President, Nassau Smelting & Refin- 
ing Co. 

Recovery of Lead Alloys, Especially Babbitts and Solders. 

Handling Very Impure Domestic Scrap Collections, by E. W. Roath, Copper 
Consultant, Conservation and Substitution Branch, War Production Board. 

Questions and Answers. 

Summary of Important Points, by E. E. Thum. 
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December 


Public Auditorium—2:00 P. M. 
Speeding the Job by Better Production Heating for Softening Prior to Ho; 
Work, or for Annealing 
Chairman—E. G. de Coriolis, Research Director, Surface Combustion Corp 
Summarizer—Frederick C. Young, Head, Chemical and Metallurgical — 
Department, Ford Motor Co., River Rouge Plant 

Control of Scale in Soaking Pits, by Frank Leahy, Superintendent, Fuel Engi- 
neering Dept., Youngstown Sheet & Tube Co. 

Control of Scale in Reheating Furnaces, by Julius H. Strassburger, Combustioy 
Engineer, Weirton Steel Co. 

Control of Scale in Forging Furnaces, by Waldemar Naujoks, Chief Engineer 
Steel Improvement & Forge Co. 

Rapid Annealing Cycles for Machinability, by Roy W. Roush, Chief Metal. 
lurgist, Timken-Detroit Axle Co. 

Relative Advantages of Normalizing and Annealing to (a) Production and ()) 
Use, by J. D. Armour, Chief Metallurgist, Union Drawn Steel Div., Repub- 
lic Steel Corp. 

Surface Protection During Process Annealing After Deep Drawing, by George 
W. Yearley, Chief Metallurgist, American Fork & Hoe Co. 

Conversion of Old Furnaces to War Production, by James L. Miller, Assistant 
Combustion Engineer, Republic Steel Corp. 

Questions and Answers. 

Summary of Important Points, by Frederick C. Young. 


Public Auditorium—4:00 P. M. 

Practical Programs for Segregation, Collection and Reclamation of Metal Scrap 

Chairman—Robert A. Wheeler, Industrial Salvage Section, Conservation 
Division, War Production Board 
Summarizer—R. H. Schmidt, Westinghouse Electric & Mfg. Co. 

Segregation of Active Scrap (in Process), by F. F. Vaughn, Assistant Chiei 
Metallurgist, Caterpillar Tractor Co. 

Steps to Mimmize Amount of Scrap Produced, by J. L. Cannon, Chief Chemist, 
Hyatt Bearings Div., General Motors Corp. 

Plant Organization Necessary in a Large Plant, by Frank D. Kent, Super- 
visor, Surplus Materials Sales, Order and Contract Division, Wright Aero- 
nautical Corp. 

Plant Organization Suitable for a Medium Size Plant, by E. S. Hoopes, Assist- 
ant General Superintendent, Steel & Tubes Division, Timken Roller Bear- 
ing Co. 

Plant Organization Suitable for a Small Size Plant, by H. F. Kneen, General 
Superintendent, Lincoln Electric Co. 

Modern Chip Handling Procedure, by A. M. Perrin, President, National Con- 
veyors Co. 

Disposal of Recoveries, by Harry J. Beattie, Apparatus Mfg. Dept., General 
Electric Co. 

Questions and Answers. 

Summary of Important Points, by R. H. Schmidt. 


Friday, October 16 


Public Auditorium—2:00 P. M. 

Speeding the Job by Better and Faster Production, Hardening 
Chairman—Robert B. Schenck, Chief Metallurgist, Buick Motor Division, 
General Motors Corp. 

Summarizer—O. W. McMullan, Metallurgist, Youngstown Sheet & Tube Co. 
Minimum Heat (and Time) Necessary, by Elbert S. Rowland, Research Metal- 

lurgist, Timken Roller Bearing Co. 
Improvement of the Quench (e.g., for Armor Piercing Shot), by A. L. Boegehold, 
Head, Metallurgy Dept., Research Laboratories Div., General Motors Corp. 








1942 WAR PRODUCTS PROGRAM 1475 


Control of Warpage (e.g., Armor Plate), by H. A. Grove, Armor Plate Metal- 
lurgist, Republic Steel Corp. 

Surface Hardening by Induction Heating, by Wm. E. Benninghoff, Manager, 
Tocco Department, Ohio Crankshaft Co. 

Surface Hardening With Oxy-Acetylene Flame, by John J. Crowe, Assistant 
Vice-President, Air Reduction Co. 

Surface Hardening by Gas-Air Flames, by Frederic O. Hess, President, The 
Selas Co. 

Hardening by Nitriding and Carbo-Nitriding, by Lyle Clark, Plant Metallurgist, 
Buick Motor Division, General Motors Corp. 

Questions and Answers. 


Summary of Important Points, by O. W. McMullan. 


Public Auditorium—2:00 P. M. 
Getting by With Low Tin Alloys 
Chairman—Harvey A. Anderson, Chief, Conservation and Substitution Branch, 
War Production Board 
Summarizer—Carter S. Cole, Chief, Metals Section, Specifications Branch, 
War Production Board 

Bronzes That Conserve Strategic Metals, by O. W. Ellis, Ontario Research 
Laboratories. 

Lead-Base Substitutes for Tin-Base Babbitts, and Further Conservation With 
Thinner-Walled Bearings for Machinery, by Carl E. Swartz, Metallurgist, 
Cleveland Graphite Bronze Co. 

Conserving Strategic Metals in Railway Car “Brasses’, by E. S. Pearce, 
President, Railway Service and Supply Corp. 

Low Tin Solders, Use and Manipulation, by A. A. Smith, Jr., Metallurgist, 
American Smelting & Refining Co. 

Electro-Tin and Bonderized Coatings, by Roger H. Lueck, Director, Research 
Department, American Can Co. 

Questions and Answers. 

Summary of Important Points, by Carter S. Cole. 


Public Auditorium—4:00 P. M. 
Methods and Materials for Surface Protection 
Chairman—J. R. Ewing, Assistant to President, 
Solventol Chemical Products, Inc. 
Summarizer—T. E. Lloyd, Cleveland District Editor, The Iron Age 

General Statement of Fundamental Principles, by J. R. Ewing, Assistant to 
President, Solventol Chemical Products, Inc. 

Cleaning and Conditioning of Shells During Manufacture and for Shipment, by 
- V. Mills, Assistant General Master Mechanic, Willys-Overland Motors, 
nc. 

Protection of Precision Parts During Manufacture and Assembly, by O. A. 
Moore, Chief Research Engineer, Buick Aviation Division. 

Surface Protection by Phosphate and Allied Coatings, by V. M. Darsey, Tech- 
nical Director, Parker Rust-Proof Co. 

Oily Materials (Slushing Compound) for Protective Coatings, by Fred E. 
Stockwell, Industrial Lubrication Engineer, Colonial Beacon Oil Co. 
Protective Paints and Proper Application, by John Calvert, Assistant Chemist, 

Firestone Steel Products Co. 

Anodized Coatings for Light Metal, by John Tolman, Bromley Engineering Co. 

Questions and Answers. 

Summary of Important Points, by T. E. Lloyd. 
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ANNUAL MEETING OF THE 
AMERICAN SOCIETY FOR METALS 
Cleveland, Wednesday, October 14, 1942 


The meeting was called to order by President Stoughton, who 
announced that the first order of business was_the President’s report. 
President Stoughton asked Vice-President French to take the chair 
while he presented his address. 


. . » President Stoughton read his report which is published in 
full, beginning on page 1480 of this issue of TRANSACTIONS. 


Mr. Frencu: You have heard the report of the national Presi- 
dent. There being no comments the report will stand as read. I now 
return the chair to the President. 


PRESIDENT STOUGHTON: The next order of business will be the 
annual report of the Treasurer, Francis B. Foley. 


... Mr. Foley read his report which is printed on page 1487. 


PRESIDENT STOUGHTON: You have heard the report of the 
Treasurer. There being no comments it will stand as read. The next 
order of business is the report of the Secretary. 


... Mr. Eisenman read his report which is printed on page 1490. 


PRESIDENT STOUGHTON: You have heard the report of the Sec- 
retary. There being no comments the report will stand as read. 


ELECTION OF OFFICERS 


BraDLey STOUGHTON, Presiding: Complying with the Constitu- 
tion, I appointed on March 9, 1942, the following Nominating Com- 
mittee, selected from the list of candidates suggested by eligible chap- 
ters prior to March 1, 1942: 


Chairman: James T. MacKenzie, Southern Chapter 
I. N. Goff, Calumet Chapter 

Clarence H. Lorig, Columbus Chapter 

John E. Dorn, Golden Gate Chapter 

Alexander Finlayson, Puget Sound Chapter 

Ray McBrian, Rocky Mountain Chapter 

H. L. Hovis, York Chapter 
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The Committee met in Chicago on Friday, May 18, and made the 
following nominations: 


President—Herbert J. French, International Nickel Co., New York City— 
1 year 

Vice-President—M. A. Grossmann, Carnegie-Illinois Steel Corp., Chicago— 
1 year 

Secretary—W. H. Eisenman—2 years 

Trustee—V. N. Krivobok, Lockheed Aircraft Corp., Burbank—2 years 

Trustee—Erle C. Hill, Carnegie-Illinois Steel Corp., Gary—2 years 


A report of these nominations duly appeared in THE Review of 
May, 1942. 

I have been informed by the Secretary that no additional nomi- 
nations were received prior to July 15, 1942, for any of the vacancies 
occurring on the Board of Trustees: Consequently, the nominations 
were closed. I shall now call upon the Secretary to carry out the 
provisions of the Constitution in respect to the election of National 
Officers. 

W. H. Eisenman, Secretary: Conforming with the provisions 
and requirements of the Constitution of the American Society for 
Metals, I hereby cast the unanimous vote of the members for the 
election of the aforenamed candidates who were regularly nominated 
on May 18, 1942. 

PRESIDENT StTouGuHTon : The provisions of the Constitution hav- 
ing been complied with, I hereby declare the candidates heretofore 
named to be duly and unanimously elected to the several specified 
offices, the terms of each beginning on the day following the close 
of this annual meeting. 

Professor Stoughton asked the newly-elected officers to arise, 
and he asked Mr. French to say a few words. 

Mr. Frencu: President Stoughton and members of the Amer- 
ican Society for Metals—I would like to express to the nominating 
committee and to the Society my heartfelt appreciation of this honor 
and the confidence that has been shown in me. I am, however, deeply 
conscious of the responsibilities which are before me, especially in a 
war year. I would like to pledge at this time that I will do the best 
[ can in continuing the work in the interest of the Society. My thanks 
to the committee and to the Society as a whole. 

PRESIDENT STOUGHTON: I wish now to present to the meeting a 
change in the “purpose clause” in the Articles of Incorporation of the 
Society. 

At the last meeting of the Board of Trustees, it was unanimously 
voted to present at the annual meeting of the Society to be held in 
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the Hotel Statler on Wednesday, October 14, 1942, a proposed change 
in the “purpose clause” of the Articles of Incorporation of the Amer- 
ican Society for Metals. 

The original incorporation papers were taken out in 1921 and 
have not undergone any change since that time, although the activyi- 
ties of the Society have been largely extended. 

Furthermore, James G. Card, recognized tax consultant of the 
firm of Card, Palmer and Sibbison, of Cleveland, advisors to the 
Board of Trustees, recommended that the “purpose clause” of the 
Articles of Incorporation be amended due to the fact that “exemp- 
tion from income tax liability was secured from the Commissioner 
of Internal Revenue for the Society on the basis that it is an educa- 
tional institution and that its income in excess of expenses will not 
incur to the benefit of any shareholder (member)”’. 

Mr. Card pointed out that all corporations which had been 
granted exemption are now required to prepare and file annually a 
questionnaire showing essentially the income and expenditures dur- 
ing the year, and that means that the Treasury Department will 
annually scrutinize the affairs of all corporations which have been 
granted exemption from tax. 

Therefore, under these circumstances, Mr. Card recommended 
that there should be an amendment to our present Articles of Incor- 
poration which would definitely fix the ultimate disposition of the 
Society’s surplus in the event that it should discontinue its activity 
for any reason. 

The Board of Trustees then presented this problem to its legal 
counsel, Robert F. Maskey, of Thompson, Hine and Flory, who was 
in agreement with the suggestion made by the tax consultant, and 
made a recommendation that the following change in the “purpose 


/ clause” of the Articles of Incorporation be made: 


The Secretary will now read the proposed amendment to the 
Articles of Incorporation of the Society. 

W. H. EtsENMAN: Resolved, that the Articles of Incorporation 
of American Society for Metals be and the same hereby are amended, 
by striking out the Third Article thereof in its entirety, and by insert- 
ing, in lieu of said Third Article, a new Article reading as follows: 

Said corporation is formed for the purpose of advancing 
scientific and technical knowledge, particularly with respect to 
the manufacture, use and treatment of metals, through research, 
education, and the dissemination of information for the benefit 
of the general public. It shall have power to acquire, hold, invest, 
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reinvest, and dispose of real and personal property exclusively 
for such purpose. No part of the net earnings of the corpora- 
tion shall inure to the benefit of any private shareholder or indi- 
vidual, and no part of its activities shall consist of carrying on 
propaganda, or otherwise attempting, to influence legislation. In 
the event of the dissolution of the corporation, the Board of 

Trustees shall dispose of its net assets, in trust, however, to 

further its purpose as above stated, without preference in favor 

of any member, officers, or trustee, upon such terms and condi- 
tions as the Board of Trustees shall determine. 

Resolved Further, that the President and Secretary of Amer- 
ican Society for Metals be and they hereby are authorized and directed 
to execute and file in the office of the Secretary of State of the State 
of Ohio a certificate setting forth a copy of this resolution, and to 
execute, deliver and file any other certificate or instrument which they 
may deem necessary or appropriate to carry out the purpose and 
intent of this resolution. 

W. H. Ers—enmaAn: Mr. President, I move the adoption of the 
resolution. 

PRESIDENT STOUGHTON: Is there a second for this motion? 
(Motion seconded.) Do you wish to discuss it? If not, all those in 
favor, please say aye. Contrary? So ordered. 

PRESIDENT STOUGHTON: Has anyone present anything to bring 
before the meeting for the benefit of the Society? If not, a motion to 
adjourn is in order. 

The motion was seconded and unanimously carried. 

. .. Following the annual meeting, Dr. A. E. White introduced 
Dr. John Chipman, Massachusetts Institute of Technology, who pre- 
sented the Seventeenth Campbell Memorial Lecture. This is printed 
in full in this issue of TRANSACTIONS, beginning on page 817. 

The President’s annual address and the Treasurer’s and Secre- 
tary’s annual reports are printed on the following pages of this issue 
of TRANSACTIONS. 
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ANNUAL ADDRESS OF THE PRESIDENT 
Twenty-fourth Annual Convention, Cleveland, October 12, 1942 
BraDLey STOUGHTON, President 


HE Society may well be gratified by the war work of its fifteen 

thousand members during the twelve months just ended. Almost 
every one of them has been engaged in some branch of the war work, 
and a great many, which includes the secretary, some past-presidents, 
some members of the Board of Trustees, and other .active partici- 
pants in the Society’s work, have been prominently engaged in com- 
mittees and departments having direct connection with the war effort, 
not only in Government circles, but also in the many fields of metals 
in which the Society’s chief interests lie. Special emphasis should 
be laid on the educational services rendered from 1939 to date by 
many chapters and individuals. The conservation and substitution 
of strategic metals and the War Products Advisory Committees call 
for special mention. 

A summary of the war activities of the Society is appended 
hereto and should remain a permanent part of the Society’s records. 
It is taken specially from a report published in the so-called “white 
book” of the spring of 1942. 

The Board of Trustees held four meetings during the year— 
November 14, 1941, April 4, 1942, August 14, 1942, and October 
13, 1942. 

The Past President’s medal was awarded to James P. Gill at 
the annual banquet in Philadelphia on October 23, 1941. 

The Henry Marion Howe Medal was awarded at the annual 


/ banquet in Philadelphia on October 23, 1941, to M. A. Grossmann, 


Director of Research, Carnegie-Illinois Steel Corp., Chicago, M. 
Asimow, Manager, Central Metal Products Co., Los Angeles, Calif., 
and S. F. Urban, Metallurgist, South Works, Carnegie-IIlinois Steel 
Corp., Chicago, for their paper, “Harderiability, Its Relation to 
Quenching, and Some Quantitative Data’, published in the 1938 
Symposium, “Hardenability of Alloy Steels”. 

The Campbell Memorial Lecture, established in 1925, was pre- 
sented in 1941 by Robert F. Mehl, Director, Metals Research Lab- 
oratory, and Head, Department of Metallurgical Engineering, Car- 
negie Institute of Technology, Pittsburgh, on the subject, “The 
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Structure and Rate of Formation of Pearlite”, and was published 
in the TRANSACTIONS for December, 1941. 

The Sauveur Achievement Award, established in 1934, was 
awarded at the annual banquet in 1941 to Albert L. Marsh, Presi- 
dent and General Manager of the Hoskins Manufacturing Co. of 
Detroit, in recognition of his achievement in metallurgical develop- 
ments. 

It is with deep regret that we report the death of one of our 
past-presidents, Robert M. Bird, who was president in 1928, and 
who established the President’s Bell. 

During the current year, your President has visited twenty-seven 
chapters and found them alert and active, especially in war work. 

Our Society is under deep obligation to Past-President James 
P. Gill and members of his staff in the Vanadium-Alloys Steel Corp. 
for splendid services in lectures given each afternoon of this con- 
vention on the subject of “Tool Steels”. 

On behalf of the American Society for Metals I have great 
pleasure in expressing appreciation to the co-operating societies which 
have participated in this National Metal Exposition and the National 
Metal Congress. They are: The Iron and Steel Division and the 
Institute of Metals Division of the American Institute of Mining 
and Metallurgical Engineers, the American Welding Society, and the 
Wire Association, The Society’s thanks are also extended apprecia- 
tively to the authors of the technical papers on our own program and 
those of the co-operating societies. A glance at these papers shows 
the splendid technical results and the benefits to our war effort which 
can be rendered by gatherings such as these. Our thanks are also 
due to the speakers at 11:30 a.m. on Monday, Tuesday, and Thurs- 
day. They are the following, and their addresses are contributing in 
large measure to our country’s efforts for re-establishing freedom 
over the world: 

Rear Admiral Clark H. Woodward, U.S.N. 

Lieutenant Colonel E. G. Strong, Central Procurement Office, 
Army Air Corps 

Colonel H. M. Reedall, District Chief, Cleveland Ordnance 
District 

Finally, I wish to extend on my own behalf, as well as on behalf 
of the Society, appreciation for the splendid co-operation of the staff 
of the Society, the officers of chapters, the members of national 
committees, and the exhibitors at our show. 
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War ACTIVITIES OF THE A.S.M. 


The ability of individuals to adjust their activities from a peace- 
time to a wartime basis should be a necessary requisite for a technica] 
society. In such a transition the A.S.M. has adjusted itself rap- 
idly and has initiated activities which are credited as making valu- 
able and outstanding contributions to the war activities of the nation, 

The following outline of the activities in which the A.S.M. has 
been engaged represents two stages of action, the first, that per- 
formed during the defense period, and the second, the all-out added 
emphasis which began December 7, 1941. 


Educational Service 


It was in September 1939 that the executive committee of the 
Philadelphia chapter received a request from army and navy authori- 
ties in Philadelphia to arrange some type of educational work which 
would be of assistance to the individuals engaged in the inspection of 
metals at the Arsenal, Navy Yard and Aircraft Factory, as well as 
those located at other manufacturing plants. 

The chapter accepted the responsibility and within two weeks 
had arranged a series of ten lectures on the Inspection of Metals, 
which course was carried to a most successful conclusion with an 
attendance of approximately 800. 

The opportunity to do this type of educational service for the 
rapidly expanding war products manufacturing personnel and the 
government was immediately accepted by many other chapters of 
the Society and practically all of them have at some time or another 
within the past 18 months presented educational courses on inspec- 
tion or metal preparation or fabrication. These have been attended 
by some 10,000 enrollees. 


Inspection Textbook 


As a result of the inspection courses presented by the chap- 
ters, it became evident there was not a satisfactory text dealing 
with the subject, and while much splendid teaching ‘material was 
contained in a number of A.S.M. books and was used quite exten- 
sively, including the reprinting of many sections of the NaTIoNAL 
Metats Hanpsook, nevertheless the Board of Trustees determined 
that it would be a national service if a text on the inspection of 
metals was prepared. Consequently, the Board authorized the prep- 
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aration and publication of such a text and ruled that the book was 
to be sold at the cost of production. 

Mr. Harry B. Pulsifer was secured to write the book, which is 
now in its fourth printing, circulation being approximately 10,000 
copies. It has been ordered extensively by individuals and various 
A.S.M. chapters and colleges presenting engineering extension 
courses. 


Molybdenum Steels 


In June 1941 a request was received from the Office of Pro- 
duction Management (WPB), requesting the Society to appoint 
committees and prepare recommended practices for the prepara- 
tion, use, and treatment of molybdenum high speed steels inasmuch 
as the shortage of tungsten necessitated the promulgation of a ukase 
requiring a 50:50 basis for the purchase of molybdenum and tungsten 
high speed steels. 

The Society responded immediately and under the direction of 
J. E. Donnellan, secretary of the Metats HanpBook Committee, the 
work was completed in the short period of two months and the report 
submitted to OPM where thousands of copies were prepared and 
distributed to industry, to the technical and trade press of America, 
Canada and England. 

In addition to the preparation of the vecemuinended practice on 
the handling of molybdenum cutting steels, many chapters of the 
Society held special meetings at which the subject of molybdenum 
steels was presented by experts and an opportunity for extensive 
discussion was made available. In these ways the A.S.M. assisted 
materially in the rapid change-over by industry from tungsten to 
molybdenum cutting steels. 


Conservation of Metals 


The Society was invited to have a representative attend a meet- 
ing in Washington on the subject of conservation and substitution 
(August 18, 1941). At that meeting a request was made by the 
then-chairman that the technical society secretaries there present 
should initiate an active campaign to acquaint all of their members 
with the necessity for conservation and substitution and thus en- 
deavor to assist by an extensive and intensive educational campaign 
to acquaint their membership with the present situation relative to 
strategic and critical metals. 
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The Society was pleased indeed to lend every aid possible and 
immediately arranged for a series of 14 meetings on Defense Prob. 
lems, Conservation and Substitution which were held during the Na- 
tional Metal Congress and National Metal Exposition, Philadelphia, 
the week of October 20, 1941. One hundred and six members of the 
Society, of the 110 invited, accepted the invitation to prepare papers 
on the subject of critical metals and their substitution and conserva- 
tion and so the result was a program of outstanding helpfulness and 
exceptional benefits which drew heavy attendance and was recognized 
as a meritorious service to the government and to industry. 


National Metal Congress 


At 11:30.0n each of the five days of the Philadelphia meeting 
of the National Metal Congress the entire attendance left the sessions 
in which they were engaged and assembled in the large ballroom of 
the Benjamin Franklin Hotel where they were addressed by govern- 
ment officials who indicated how the men of the metal industry could 
better co-operate and assist in the defense program. The speakers for 
these sessions were Major General Jacob L. Devers, Commanding 
General of the Armored Forces, U. S. A.; Lt. Commander J. G. 
Crommellin, Bureau of Aeronautics, U. S. N.; Rear Admiral 
Thomas Craven, U. S. N.; Mr. Alex Taub, Consultant, Office of 
Production Management. 

At the same time the National Metal Exposition, held concur- 
rently with the Congress, had as its theme “New Aids to Produc- 
tion”, and the manufacturers arranged their exhibits to emphasize 
that point. The largest number of firms in history presented their 
products and those in attendance as well as the exhibitors stated that 
never in their experience had they participated m such a satisfac- 
tory and satisfying event. 

It was perfectly evident that the 42,000 attendance (the highest 
in the 24-year history of the Congress and Exposition) was very 
seriously interested in the new aids to production on display and 
made a very close, definite and interested study as to how the partic- 
ular material or machine could aid in eliminating obstacles to an 
increased flow of products needed for defense. 


Encyclopedia 


Sometimes a crisis has a tendency to demonstrate the importance 
of some particular product or service and this indeed is true with 
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reference to the A.S.M.’s NatronaL Metats HANpBooK. For some 
20 years the Society and its members have been working, collecting 
and gradually perfecting the material contained in its 1800 pages. The 
book has gone through a number of editions and thousands of mem- 
bers of the Society have contributed in the preparation and review 
of its subject matter until each succeeding edition became more and 
more an encyclopedia of metal knowledge and more and more a ready 
source of the latest and correct information on metals. 

From the beginning of the defense preparation period and on 
into the present war effort the book has been more and more recog- 
nized as a ready and handy reference for the saving of time and as a 
source book of knowledge and authoritative information about 
metals. 

The Society takes considerable pride in the recognition granted 
to this volume (called “The Bible of the Metal Industry”) and 
knows that the members also feel fully compensated for the hours 
and years of effort and time expended in the preparation of the 
material in this book which has achieved such an authoritative place 
in the literature now helpful to the war effort. 

What has been said of the Nationa Metats HAnpBooK may be 
said to a lesser degree of many other books of the Society, indicat- 
ing that the selection of the subject matter which has been published 
and made available for members could not have had closer scrutiny 
or a better choice if it were being selected entirely for the purpose 
of furnishing information and assisting in the preparation of indi- 


viduals and industry for a crisis such as the world is experiencing at 
the present time. 


Metal Progress 


Mera Procress, the monthly magazine of the A.S.M., has for 
12 years brought the latest developments in metals, alloys, furnaces, 
equipment, methods and supplies to the members of the Society not 
only by readable texts but by attractive advertising. This essential 
activity is being continued through the emergency. 

The editor, Ernest E. Thum, sensed in 1940 the greater need for 
information of value to inspectors and testing engineers, and through- 
out that year numerous practical and valuable articles on this general 
subject were added to the reading pages. 

During that year the problem of metal shortages began to crop 
up. In the February 1941 issue was the first inclusive article on 
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the apparent supply and demand for critical metals. Mr. Thum has 
merited the confidence of numerous experts attached to the Materials 
Division of OPM and WPB, and so has been able to present no less 
than 28 authoritative articles on strategic and critical metals in the 
period February 1941 to April 1942. 

In January of 1942 a new department, ““War Products Consulta- 
tion”’, was started. Each month some metallurgical problem of wide 
importance, considered by some of the A.S.M. War Products Ad- 
visory Committees, is stated, a general reply is made, and a special 
critique appended signed by a recognized expert in that branch of 
the profession. 

Altogether in the 15 months ending April 1942, no less than 368 
editorial pages have been devoted to the special problems of the day. 


ASM-WPAC’s 


The most recent activity in which the A.S.M. is engaged has 
been that of the War Products Advisory Committees. Forty-one 
chapters of the Society have accepted the recommendation of the 
Board of Trustees for the formation of a local WPAC whose pur- 
pose it is to give counsel and advice without cost or obligation to all 
plants within its sphere of influence, manufacturing war products or 
materials used or needed in the manufacture of these items. 

These ASM-WPAC’s have been organized a sufficient time to 
demonstrate definitely the important part they are playing in the pres- 
ent emergency. Some chapter committees have had as many as 75 
problems presented to them. Each chapter organized has reported 
. imstances in which they have been able to be of assistance to manu- 
factyrers either on the problem of war products or in the change- 
over from peacetime to wartime production. 
| These War Products Advisory Committees have been cordially 
received by the army, navy, ordnance, aircraft procurement, WPB, 
and all branches of the government as well as doubly welcomed by 
industry. The wide scope of service for which these committees are 
equipped, the extensive, diversified ability and training of the 985 
members backed by the combined membership (14,645) of the 
A.S.M. will constitute a helpful and continuing source of informa- 
tion and advice in this time of need. 


NE Steels 
The secretary of your Society was invited to Washington to 
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confer as to the manner in which the War Products Advisory Com- 
mittees could co-operate in disseminating information relative to NE 
steels and to assist in securing consumer acceptance of these new 
products. The speed and energy with which the ASM-WPAC com- 
mittees directed their activities toward the accomplishment of these 
purposes was commendable and secured hearty praise from those in 
authority. 

Special chapter meetings in which all other engineering society 
members were invited to attend were conducted on the subject of 
these steels, and proved very helpful to the government and to in- 
dustry. 

Recognizing that the low alloy steels represent an important 
phase in the industrial set-up, METAL Procress has consistently pub- 
lished information relative to these new steels. Consequently when 
the call came from the War Production Board the editor, E. E. 
Thum, was able to collect and edit this material which the Society 
published and distributed as a 38-page pamphlet, which carried a 
letter of commendation from Chairman Donald M. Nelson. 

This pamphlet has gone through five printings, two revisions, 
and over 12,000 copies have been distributed. 

The A.S.M. wishes no thanks or praise for any of the activities 
or services of the past, present or future. Indeed, the officers, the 
trustees and members feel privileged to march and work side by 
side with industry. 


There’s a job to be done—and the A.S.M. enlists for the dura- 
tion. 


TREASURER’S REPORT 
Francis B. Fotey, Treasurer 


Gross income from the Society’s operations during the year 
1942 was $489,846, with expenses of $403,876.60, leaving a credit 
balance of $85,969.58. 

A loss of $12,342.46 was taken during the year on the sale of 
weak bonds. Proceeds from these sales together with accumulated 
cash in the investment account were used largely in the purchase of 
war bonds so that the Society’s holdings of U. S. Government Bonds 
have been practically tripled and now represent about 32 per cent of 
the $299,667.35 market value of its security holdings. Distribution 
in the investment portfolio is as follows: 
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Per Cent 
U. S. Government Bonds ...... $ 96,570.00 32 
“awe TIOGEN ack cs cn teacs. 17,893.75 6 
Public Utility Bonds .......... 36,872.50 12 
UN at el eth kan 148,331.10 50 


Real estate, represented by the National Headquarters, stands at 
$50,195.80. Cash on hand for the year ending August 31, 1942, was 
$101,100.39. Total of securities, real estate investment and cash in 
hand is $450,963.54. 

Cost of publishing Mretat Procress increased 25 per cent but 
income increased 26 per cent over the preceding year resulting in a 
net income of $27,052.52 for 1942. 

Books published produced a net income of $19,288.89. 

The 1939 edition of Metats HAaNnpsook has run out with sales 
of $12,600 during the past year. A new printing of it is now on the 
press. 

In general the financial condition of the Society has undergone 
healthy normal improvement during 1942. This has been due in 
part to the great increase, which was to be expected, in the demand 
for metallurgical and metallographic knowledge on the part of a host 
of new men brought into the war metallurgical industries and through 
them naturally into the ranks of the Society. Dues received from 
members reached a new high of $150,107.35 for 1942. The Chapters 
of the Society report assets of $98,057.00, an increase of $5,435.00 
over those of 1941. 

The Society is greatly indebted for its secure financial condition 
to Secretary Eisenman and to the continued aid and counsel of Past- 
President Jeffries, Trustee and Past-Treasurer Kent Van Horn and 
Mr. W. W. Horner, Vice-President of the Cleveland Trust Com- 
pany, to its Finance Committee and its Board of Trustees. 
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CONDENSE® AUDITED BALANCE SHEET 
As of August 31, 1942 


ASSETS 
CHM cncsaey ds neossducsess 0codhsndeweninedeeesdn ts mbetemabitenskn ss eebe oi $101,100.39 
CEOUUANON je vic winces ccc caaddh San cupweet cect) ov stibankekiesDasevler co cbunbiei sie siie 299,674.80 
AimbEEe: DEAVOMS ... ,... ccinnbateckkn die ston tele tisXkacdbebdsicn adie 19,783.51 
I 5500 bine cs sbbcchbek coh ReePendy <0b3%6 ib puke enobed hie Vimasaterueteieass 40,927.15 
CR QE hs 6k soon k:dn thd DEER Rao Aenea ke badaes dAdet Cabo ab eased 4,804.97 
PE GONE as che ou kind oi xc bo a ee B Se andeG as 06 (06a kd cess sk Kop ob SckRaeeEeere raat dee dco 50,195.80 
Office fecmaiane, Gsctsicne: i PE Soins vinden keto owed fsrndadbie beeschsnaees 14,175.97 
PTUs 0 5 oe ccS cab es Ese vows eb BONE oh 60 hdd es atehshebtedaniei lei 26,104.97 
$556,567.56 
LIABILITIES AND SURPLUS 
AORNRE DOES s kas i586 bo oc Cea wins Abs ein Zeb ack CSbiies ete nk de $ 18,616.98 
ROE: COME © 5.0 5c Finéudcc donk ghoas dave sbusectander’ cieckbles tbe 
CORP 806k 5 bob 5 dep U5dP dak Te seW ied 8 doe dO hae shal bee kek sides URaU ene e VOR nE En 120,000.00 
POE -SUNCIIRD. «9 o.g.5 ob 5a 9s nwehenn vulee's cis + Ake 5 Coliksc0 ied chev eile abelian 23,042.50 
SONG oes one bc Se sUtebs a adeas 5b 9 ce bah Uh da 64s bdeae bn vce b toes epee eeeEwedisins eth Oiled 394,908.08 
$556,567.56 
INCOME AND EXPENSE STATEMENT 
Year Ended August 31, 1942 
INCOME 
As shown by schedule: 
METAL PROGRESS—monthly publication ....................00:: $184,561.49 
NEY ~a5.u.0 os Ue Rena a hicks > bon 66o 6643 dee'ne ss caus diet cree 91,981.84 
OGRE FI. dis oo kd evened cove nnnecisescccchpddsvane 120,115.54 
TID. hcbkk 5.25 b hades é Cede cds obi ds ck keds 400 ae boa euetasaaees 4,817.31 $401,476.18 
es IE 5 eho s cei d end nada GeeCas « co hawes OES bhaieee aba 51,100.95 
National Metals Handbook—sales .........ccccoccccsccccccccccccccccess 12,669.59 
Dene. DM TOSI as peak Fado wc is ious bese vs aes a0i beet odeeantbawese 12,395.17 
SEE: SNE no oe bis bn uahh ead die kad asddddeds pinnae eee 4,838.92 
Discount CBFMed 2.005. cccsvacercccesescsscccccccccvcccsccccccncvesecceess 3,053.01 
Credit arising from write-off of- accrued real estate taxes ............ 2,294.55 
Rental income—charged to 1941 Convention ................cccseceeeees 1,000.00 
REDS iy Us «rn e WHR re 219.27 
Tue Review—advertising and subscriptions ..................eeeeeeee 97.60 
Ie. — va Weenies ca vackies uaikhnnccebebebinas anceve i iaehe 40c0eetecieal 701.00 
EN JERE: va aniu'nos'é abo we ncedacedeedekeccoete 4athiaee $489,846.24 
EXPENSES ; 
As shown by schedule: 
ea. ed cash ie Nad cs snes Dhmehew ee poemebiee $157,508.97 
SOE <P EPETIININNE ins 0.0 5 oc vn spascovcsseRekews Sleek ede keke 84,141.02 
I I i ek oa oles Kaden baxde banc ah see ss ikganebaisiiel 31,812.06 
CIE ks LL IES os ck hey ws bee doc 0 DAMA a0 0 cb 0d HONS cebAAEERE Saab eEnE 24,659.00 
I Ng cn oo Ua cy ada sud on och tepiaes akubs bel saaesawebas Vena 16,822.81 
CN ons Ae lcecc ps Massdebevebes usgcctereseebeutewataes 15,772.35 
ns I VEO oe wen WRG Sande neshaeieneeend ae 14,599.16 
PE atlas Care ibs o.yo's we dncc bn sctdbedwaes ob ons ve vn coeihae eae’ 10,560.38 
Pe No isa sidig va on bie Sb ue h'o0scdpasagbencengacbereds 7,928.28 
SN oN Ce Se ne abn Cap Hulkeub ab eam otete aie 5,761.52 
EE ERE tae ca ke cleo 0a 6 0 hh A 6c Ficw obo Suk ths te kN eee 5,524.12 
ne ee on, iy kn ands ee eaeks mes oaee ia choke 2,579.97 
Pn ae MI oc a os ESE, sine cao de bes buns sG6 eabelnets cts 2,331.98 
I cay diss 0 du aE Bean ohbeeneebaes 1,926.82 $381,928.44 
LOGE: a MEE GE DRCUMURUNDHHUNRE asso cnc «60 chcvetcicsdnadnacsescusenen 12,342.46 
National defense research—War Products Advisory Committee...... 5,295.40 
SS AO" dala ha na db wow die db visu eee c¥'s Goes 6a eeaces soieshdubeupiseas 3,062.47 
a ee ee ae eo ela as ohne eiaeabebeaebane views 520.00 
Ey en SN Sg Ma as a's cules vse Gb Mba caus as dcebic Tau earehs ‘ 287.46 
I oak Ss a wn ni'W apheuld es MAE Wile ba ak k Coeamene a 220.27 
Books purchased’ OBIS Bink 5s tine Gas cuwigre ssp Chg cons dT emsk aueaeeees 179.42 
NN rd Lethon aNa tL ads Cd nk ddde dds sks on ¥%isd pak dewed + cemnddtibbans 40.74 
En, isan ne Wi phen Gains Shae Oe dak Aaedaas ehee $403,876.66 
EE PE. ge aad dain cbc hn Oi Naas 0k Sb bah anes Ceckideksdiwekeness $ 85,969.58 


OPINION 
In our opinion, subject to the comments in the two preceding paragraphs relative to 
reserves and income from investments, the mente balance sheet and related 
statements of income and expense and surplus present fairly the position of the Ameri- 
can Society for Metals at August 31, 1942, and the results of its operations for the 
year, in conformity with generally accepted accounting principles applied on a basis 
consistent with that of the preceding year. 


ERNST & ERNST 
Certified Public Accountants 





| 
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ANNUAL REPORT OF THE SECRETARY 
Wittiam H. Ersenman, Secretary 


The American Society for Metals on October 1, 1942 had a total 
membership of 14,645. Of this number 12,916 or 88.1 per cent were 
the member classification ; 837 or 5.7 per cent were sustaining mem- 
bers ; while 870 or 5.9 per cent were juniors. There are 22 honorary 
and founder members. 

On October 1, 1941 the Society had a total membership of 
12,684. The membership this year showed a gain of 15.5 per cent. 


Publication Committee 


The Publication Committee for the year 1941-42 was made up 
of the following: M. Gensamer, chairman; J. B. Austin, L. S. Ber- 
gen, Walter Crafts, T. G. Digges, E. H. Dix, Jr., W. E. Jominy, 
E. G. Mahin, J. F. Oesterle, Gilbert Soler, Clair Upthegrove, j. P. 
Walsted, A. W. Winston, L. L. Wyman, and J. F. Wyzalek 
(deceased), and Ray T. Bayless, secretary. 

Throughout the year and up to the present time the Committee 
has reviewed and approved 42 papers, rejected 13, and is in-the proc- 
ess of reviewing four at the present time. 

The last meeting of the Publication Committee was held in 
National headquarters office in Cleveland on July 3lst and August 
Ist, 1942. This meeting was concerned with the arrangements of 
the technical program for this Convention. 


Transactions 


There have been published, since the last annual meeting of the 
Society, four quarterly issues of TRANSACTIONS, i.e., December 1941, 
March, June and September 1942. The number of pages published 
in these four issues totals 1072. There were 43 articles printed 
together with the discussions. A total of 57,252 Transactions has 
been distributed to the membership. 

The Transactions published since December 1941 contain 
papers presented at the 1941 Convention, together with others 
received during the year. 


Metal Progress 


Your monthly magazine, MeTaL Procress, attained its largest 
size during the last year. The number of editorial pages was but 
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little more than the average for several years past, reaching 699 
pages, but the advertising volume at 1276 pages exceeded the pre- 
vious best year (fiscal 1941) by 18.5 per cent. This added income 
provided the revenue necessary to print the larger number of copies 
required by the expanding membership rolls. 

Two new editorial features were started during the year. One 
of these is called “War Products Consultation” and contains a brief 
statement of a problem of general interest put to some War Prod- 
ucts Advisory Committee and the solution proposed. The other is 
called “Bits and Pieces”, and is devoted to important trifles that 
would ordinarily find their way into an individual’s own notebook. 

It is becoming increasingly difficult to secure the type of infor- 
mative articles that has always characterized the pages of your maga- 
zine in the past. Members who know the new things that are going 
on are already overburdened with their duties in the production of 
war materiel, and have little time and energy left to write articles; 
furthermore, censorship restrictions bear heavily on any effort to 
present news about real metallurgical innovations. 

For the last 18 months, increasing numbers of pages have been 
printed in Metat Procress about the supply of critical and scarce 
metals, then about the problems of substitution, and more recently 
about the properties and uses of the National Emergency steels. It 
is believed that these issues of MeTaL Procress contain the most 
complete record that can be found in print. Some of the articles on 
National Emergency (NE) steels have been assembled in a 36-page 
pamphlet, originally for the War Products Advisory Committees, 
but it speedily became a “best seller” and is now in its fifth printing. 


Preprints 


Sixty papers were presented before the twenty-third annual 
Convention held in Philadelphia last year, 55 of which were pre- 
printed. For this year’s Convention in Cleveland, 37, papers have been 
scheduled for presentation, all of which have been preprinted and 
distributed to those members requesting them. The total number of 
pages for 1942 is 808. A total of 25,975 preprints have been dis- 
tributed free to the membership to date. 


Books 


Since the last Convention, six books have been published and 
made available to members of the Society and others, i.e., “Alloy 
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Constructional Steels” by H. J. French; “What Steel Shall I Use 2” 
by Gordon T. Williams; “Controlled Atmospheres”, the 1941 Sym- 
posium ; “Hardness and Hardness Measurements” by S. R. Williams, 
a series of three educational lectures presented at the 1941 Conven- 
tion ; “Heat Flow in Metals” by J. B. Austin, a series of five educa- 
tional lectures presented at the 1941 Convention; and “Powder 
Metallurgy” by 46 authors and edited by John Wulff. 20,927 books 
were sold last year exclusive of MetTats HANpDBOOK. 


The Review 


During the past year THE Review has beer published monthly 
with the exception of July and September. Of the 10 issues which 
appeared from November 1941 to October 1942 all contained 8 pages 
with the exception of the October 1942 issue which carried 16 pages. 

Beginning with the August issue, the size of THE REvIEW was 
increased from 14.5 by 10 inches over-all to 17 by 11.5 inches, with 
five columns to the page instead of four. 

The October issue was devoted almost entirely to the National 
Metal Congress and War Production Edition of National Metal 


' Exposition and had a circulation of 40,000 among the members of 


the co-operating societies in the Congress and other technical organi- 
zations. 

Of the total space used in the 10 issues during the past year, 
5219 column-inches or 85.8 per cent was devoted to editorial mat- 
ter, and 861 column-inches or 14.2 per cent to advertising. Reports 
of chapter meetings and educational activities used 2436 column- 
inches or 40 per cent of the total space. 


Metals Handbook 


The personnel of Metats HAaNnpBook Committee during the 
last year was as follows: R. S. Archer, chairman; E. C. Bain, G. 
V. Luerssen, H. L. Maxwell, R. F. Mehl, H. D. Newell, C. W. 
Obert, H. B. Pulsifer, A. P. Spooner, N. I. Stotz, G. T. Williams, 
Lyall Zickrick, and J. E. Donnellan, secretary. 


Subcommittees 


Metats Hanpsook Committee has organized a number of sub- 
committees and assigned to them articles to be prepared for the next 
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edition of METALS HANDBooK. These subcommittees are as follows: 


Subcommittee on Alloying Elements 
Master Property Chart—E. C. Bain 
Softening Curves—A. J. Herzig 
Hardenability of Alloy Steels—M. A. Grossmann 
S-Curves—E. S. Davenport 
Subcommittee on Constitutional Diagrams 
Subcommittee on Cladding 
Subcommittee on Conditioning Semi-Finished Steel 
Subcommittee on Definitions 
Subcommittee on Properties of Forgings in Heavy Sections 
Subcommittee on Hardenability 
Subcommittee on Mechanical Testing 
Calibration of Testing Apparatus—Bruce L. Wilson 
Testing Castings—A. A. Bates 
Compression Tests—M. F. Sayre 
Creep Tests of Metals—J. J. Kanter 
Fatigue and Corrosion Fatigue—H. F. Moore 
Testing Forgings—A. O. Schaefer 
Hardness Testing—H. L. Scott 
Introduction to Mechanical Testing—R. L. Templin 
Notch Bar Testing—S. L. Hoyt 
Testing Plate, Shapes, and Bars—A. P. Spooner 
Testing Pressure Vessels—E. C. Wright 
Testing Rod and Wire—J. N. Low and M. Gensamer 
Testing Sheet and Strip—J. N. Low and M. Gensamer 
Test Specimens; Preparation of—R. L. Templin 
Tensile Testing—M. Gensamer 
Torsion Testing—G. V. Luerssen and O. V. Greene 
Testing Tubular Products—E. C. Wright 
Testing Welds—R. W. Emerson 
Subcommittee on Powder Metallurgy 
Subcommittee on Specifications 
Subcommittee on Tool Steels 


Nonferrous Section 


The Nonferrous Data Sheet Committee of the Institute of 
Metals Division of the American Institute of Mining and Metallur- 
gical Engineers has again prepared a very valuable program for the 
HANDBOOK and much has been accomplished in getting some of the 
reports prepared in preliminary form. The personnel of the Non- 
ferrous Data Sheet Committee which is so splendidly co-operating 
with Metats HANpBooK Committee is as follows: 


Lyall Zickrick, Chairman, General Electric Co. 

E. W. Palmer, American Brass Co. 

S. Skowronski, Raritan Copper Works 

K. R. Van Horn, Aluminum Company of America 
T. A. Wright, Lucius Pitkin, Inc. 


The nonferrous subjects assigned to subcommittees are as fol- 
lows: 


Aging and Age Hardening of Nonferrous Metals—Subcommittee on Aging 
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Bright Annealing and Atmosphere Controlled Furnaces—Subcommittee oy 
Bright Annealing 


Bolts, Screws and Nuts; Nonferrous—W. A. Straw 

Bearing Metals—Subcommittee on Bearing Metals 

Corrosion Properties of Nonferrous Metal—H. E. Haring 

Coloring of Copper and Copper Alloys—C. B. F. Young 

Conductivity of Copper—L. L. Wyman 

Corrosion Resistant Lead Equipment in Industry; Use of—F. E. Wormser 

Copper Alloys, Hot and Cold Working—Subcommittee on Hot and Cold 
Working of Copper Alloys 


Magnesium Alloys for Forging Sheets and Extrusion—Subcommittee op 
Magnesium 


Magnesium Alloys; Principles of Design and Engineering, Application of— 
Subcommittee on Magnesium 
Metals, Prices of 


Pickling and Cleaning of Nonferrous Metal—Subcommittee on Pickling 
and Cleaning 


Silver; Physical Properties of 
Copper Alloys, High Strength-High Conductivity—(completed )—Subcom 
mittee on High Strength-High Conductivity Copper Alloys 


Welding and Cutting 


The Committee on Welding and Cutting which was organized 
by the International Acetylene Association has made preliminary 
review of their work so that they are prepared to complete their 
assignment when it is definitely needed. The personnel of the com- 
mittee that is co-operating so splendidly with Metats HANnpBsook is 
as follows: C. W. Obert, chairman; C. L. Altenburger, R. W. Clark, 
E. V. David, C. H. Jennings, H. L. Maxwell, and H. R. Morrison. 


Future Editions of Metals Handbook 


So as not to place additional work on the authors and committee 
members ; and also because of the necessity of making many impor- 
tant revisions in HANDBOOK articles after the war in order to include 
information on new practices, methods, and materials, the Board of 
Trustees of the Society decided that a new HANpBooK would not be 
re-edited until after the war. Because of this decision, MeErats 
Hanpsook Committees for both the ferrous and nonferrous sections 
have not been extremely active during the last year. The committees 
have, however, organized their work and prepared a few preliminary 
reports where the work could be done without interfering too greatly 
with the authors’ time. 


Handbooks 


The original print order for the 1939 edition of Metats Hanp- 
BOOK was 22,500 copies. These books were exhausted the early part 
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of this summer. As it was a decision of the Society not to re-edit 
the HANDBooK until after the war, steps were therefore taken to 
reprint the 1939 edition. This reprinting is now in process and a 
new supply of Handbooks will be completed about January Ist. 
This order will‘run 15,000 copies which should be sufficient until a 
new HANDBOOK can be re-edited. 


Educational Committee 


The Educational Committee for the year 1942 was made up of 
the following: A. A. Bates, chairman; J. G. Jackson, C. W. Mason, 
John T. Norton, B. R. Queneau, W. M. Saunders, Jr., T. H. Wick- 
enden, and Ray T. Bayless, secretary. 

The Committee has held no meetings this year due to the fact 
that the motion picture film on “Metal Crystals” has been completed 
at Ohio State University and that the arrangements for educational 
lectures for the present Convention had been previously made. 

It is possible that no additional work will be done on the motion 
picture film “Metal Crystals” for the duration. 


National Metal Congress and National Metal Exposition 


The National Metal Congress and the War Production Edition 
of the National Metal Exposition now in session have evidenced 
proof of the sound judgment of the board of trustees in their 
decision to proceed with the holding of a Congress in which the 
emphasis was to be placed upon current problems, which in this 
instance has given the theme for the Congress, “Increased Produc- 
tion of War Products”. 

The general technical sessions held in the morning, and the 
afternoon and evening War Production Sessions to which some 200 
of America’s leading metal men have willingly contributed and which 
have been complimented by capacity audiences, have marked a defi- 
nite advance in the use of technical and practical meetings to aid the 
war effort. 

The War Production Edition of the National Metal Exposi- 
tion, a 100 per cent informational and educational activity, is its 
own best spokesman. Those who have had an opportunity to see it 
have been thoroughly convinced of the soundness of the action of 
your board of trustees in planning such an event and have emphati- 
cally so expressed themselves. 
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The 315 manufacturing firms occupying all available area jp 
Cleveland Public Auditorium are performing this week a meritorious 
service. They have assembled their best men to explain, to consult, 
to teach, to advise, and in every possible way to aid in increasing 
the production of war products. The men in charge of these educa- 
tional displays, plus others in attendance and participating in all the 
sessions of the Congress, constitute the greatest mobilization of engi- 
neering talent and ability ever assembled anywhere in the world. 
These statements must in no way be construed as having been 
made in defense for holding these events. No people more than the 
metal people realize that this is a war of metals and no people more 
than the metal people will do more to win it. 


THE ANNUAL DINNER 


On Thursday evening, October 15, 1942, the American Society 
for Metals was host to 1000 members and guests at its annual dinner 
held in the Grand Ballroom of the Statler Hotel, Cleveland. Seated 
at the speakers’ table were the following: Paul Johnson, assistant to 
vice-president, Thompson Products, Inc., and chairman of Cleveland 
Chapter of A.S.M.; Major A. E. R. Peterka, chief, Materiel Branch, 
Army Air Forces; Norman F. Tisdale, metallurgist, Molybdenum 
Corporation of America, and trustee of A.S.M.; Charles Y. Clayton, 
professor, metallurgical engineering, Missouri School of Mines & 
Metallurgy, and trustee of A.S.M.;- Louis Seltzer, editor, The Cleve- 
land Press; E. L. Shaner, president, Penton Publishing Co.; M. A. 
Grossmann, director of research, Chicago District, Carnegie-IIlinois 
Steel Corp., and vice-president-elect of A.S.M.; John Chipman, pro- 


/ fessor of metallurgy, Massachusetts Institute of Technology, and 


1942 Edward De Mille Campbell. Memorial Lecturer; William E. 
Wickenden, president, Case School of Applied Science; Albert E. 
White, director, department of engineering research, University of 
Michigan, and founder member and past president (1921) of 
A.S.M.; William P. Woodside, vice-president in charge of research, 
Climax Molybdenum Company of Michigan, chairman of the board, 
Park Chemical Co., and founder member and past president (1939) 
of A.S.M.; Herbert J. French, charge alloy steel and iron develop- 
ment, International Nickel Co., senior technical consultant in charge 
of metallurgical and specifications section, Iron and Steel Branch, 
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War Production Board, and vice-president and president-elect of 
A\.S.M.; Oscar E. Harder, assistant director, Battelle Memorial In- 
stitute, and past president (1941) of A.S.M.; Louis P. Lochner, for- 
mer chief of Berlin Bureau, Associated Press; Bradley Stoughton, 
dean of engineering (retired), Lehigh University, chief, Heat Treat- 
ing Equipment Unit, Tools Section, War Production Board, and 
president of A.S.M.; Benjamin F. Shepherd, chief metallurgist, 
Ingersoll-Rand Co., past president (1935) of A.S.M., and recipient 
of the Albert Sauveur Achievement Award for 1942; Lieutenant 
Colonel T. H. Ejickhoff, chief of industrial service, Cleveland Ord- 
nance District; John C. Garand, ordnance engineer, Springfield 
Armory, and recipient of the American Society for Metals Special 
Medal; Zay Jeffries, chairman of the Board, Carboloy Company, 
honorary member and past president (1929) of A.S.M.; James P. 
Gill, chief metallurgist, Vanadium-Alloys Steel Co., past president 
(1940) of A.S.M., and author of 1942 lecture series on Tool Steels; 
Francis B. Foley, superintendent of research, Midvale Co., consult- 
ant, metallurgical and specifications-branch, Iron and Steel Section, 
War Production Board, and treasurer of A.S.M.; Frederick C. Craw- 
ford, president, Thompson Products, Inc.; Colonel G. F. Jenks, 
retiring president, American Welding Society; W. A. Schlegel, 
metallurgical department, Carpenter Steel Co., and recipient of the 
1942 Henry Marion Howe Medal; Paul Bellamy, editor, the Cleve- 
land Plain Dealer; Kent R. Van Horn, research metallurgist, Alu- 
minum Company of America, and trustee of A.S.M; Edward L. 
Bartholomew, metallurgist, United Shoe Machinery Corp., and trus- 
tee of A.S.M.; V. N. Krivobok, chief metallurgist, Lockheed Air- 
craft Corp., and trustee-elect of A.S.M.; Waldemar Naujoks, chief 
engineer, The Steel Improvement & Forge Co., and secretary of 
Cleveland Chapter of A.S.M; W. H. Eisenman, secretary of the 
American Society for Metals, and secretary, Metals Conservation & 
Substitution Group, National Academy of Sciences. 

President Bradley Stoughton opened the dinner meeting by ex- 
pressing the best wishes of the officers and trustees to the assembled 
members and guests and then introduced to the audience those seated 
at the speakers’ table. 

Presentation of the Past-President’s Medal was made to Dr. 
Oscar E. Harder, who retired from the Board of Trustees at the 
close of this meeting. 

Following this, presentation of a certificate of appreciation was 
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made to Dr. John Chipman, who gave the seventeenth Edward De 
Mille Campbell Memorial Lecture at this Convention. 

A certificate of appreciation was presented to James P. Gill and 
associates, who presented the educational lecture series on Tool Steels 
during the week of the Convention. 

The Henry Marion Howe Medal for 1942 was awarded to W. 
A. Schlegel for his excellent paper entitled “Surface Carbon Chem- 
istry and Grain Size of 18-4-1 High Speed Steel” which appeared 
in the September 1941 issue of TRANSACTIONS and which was pre- 
sented at the Cleveland Convention of the Society in 1940. 

Benjamin F. Shepherd, past president of the A.S.M., was pre- 
sented with the Albert Sauveur Achievement Award for his outstand- 
ing contributions to metallurgical knowledge through his pioneering 
work on the hardenability of high carbon tool steel. 

John C. Garand, the inventor of the famous Garand automatic 
rifle now used in the United States armed forces, was presented 
with a special A.S.M. medal and scroll which recognized his outstand- 
ing contribution to the defense of the nation. Mr. Garand has been 
a member of the A.S.M. for many years and is an active member of 
the Springfield Chapter. 

Following the presentation of these awards, Louis P. Lochner, 
former chief of Berlin Bureau, Associated Press, presented a vivid 
discussion of conditions in war-torn Europe. 
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Statement of the ownership, management, circulation, etc 
required by the acts of Congress of August 24, isis and Mareh 
3, 1933, of TRANSACTIONS of American Society for Metals, = 
lished ‘quarterly at Cleveland, Ohio, for October 1, 1942, State 
of Ohio, county of Cuyahoga, ss. Before me, a notary publi 

in and for the State and county aforesaid, personally a 

Ray T. Bayless, who, having been duly sworn according to law, 


deposes and that he is the editor of the Transactions of | 
the American ety for age and that the following is, to 
the best of his knowledge and belief, a true statement of the — 


ownership, management, etc., of the aforesaid publication - 
the date shown in the above caption, required by the Act of 
August 24, 1912, as amended by the Act of March 3, 1933, 
embodied in section 537, Postal Laws and Regulations, ox wit: 

1.—That the names and addresses of the 
tor, managing editor, and business managers are: Publisher, 
American Society for Metals, 7301 Euclid Ave., Cleveland, O.; 
Editor, porig be Editor and Business Managers, Ray T. 
Bayless, 7301 Euclid Ave., Cleveland, O. 

2.—That the owner is: The American Society for Metals, 
7301 Euclid Ave., Cleveland, Ohio, which is an educational 
institution, the officers being: President, Bradley Stoughton; 
Vice-President, H. J. French; Secretary, W. H. Eisenman; 
Treasurer, F. B. Foley; Trustees: O. E. Harder, E. L. Bar: 
tholomew, C. ¥. Clayton, K. R. VanHorn, N. F. Tisdale. All 
oficers as above, 7301 Euclid Ave., Cleveland, Ohio. 

3.—That the known bondholders, mortgagees, and other 
security holders owning or holding 1 per cent or more of total 
amount of bonds, mortgages, or other securities are: none. 

4.—That the two paragraphs next above, giving the names 
of the owners, stockholders, and security holders, if any, con- 
tain not only the list of stockholders and security holders as 
they appear upon the books of the company but also, in cases 
where the stockholder or security holder appears upon the 
books of the company as trustee or in any other fiduciary rela- 
tion, the mame of the person or corporation for whom such 
trustee is acting, is given; also that the said two paragraphs 
contain statements embracing afhant’s full knowledge and be- 
lief as to the cireumstances and conditions under which stock- 
holders and security holders who do not appear upon the bocks 
of the company as trustees, hold stock and securities in a 
capacity other than that of a bona fide oes and this affiant 
has no reason to believe that any association, or 
corporation has any interest direct or oy adicea in the said stock, 
bonds, or other securities than as so stated by him. Ray T. 
Bayless, managing a ae sworn to and subscribed before me 
this 8th day of October, 1942. 

(Seal) Arthur T. Wehrle, notary public. 

(My commission expires January 20, 1944) 
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